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HYDROLOGY  OF  THE  NEW  OXFORD  FORMATION  IN 
LANCASTER  COUNTY,  PENNSYLVANIA 


By 

Herbert  E.  Johnston 


ABSTRACT 

The  New  Oxford  Formation,  of  Late  Triassic  age,  extends  across  the  northern  part 
of  Lancaster  County.  It  consists  of  a complexity  interbedded  sequence  of  stream-de- 
posited sedimentary  rocks  consisting  of  conglomerate,  sandstone,  siltstone,  and  shale. 
The  sandstone  is  commonly  subarkosic  (10  to  25  percent  feldspar  content)  and  is 
the  most  abundant  rock  type.  The  beds  have  a steep  homoelinal  dip  to  the  north  or 
northwest  that  ranges  from  25°  to  60°. 

In  the  consolidated  bedrock  of  the  New  Oxford  Formation,  water  occurs  chiefly 
in  joints  and  in  intergranular  openings  in  weathered  rock  bordering  the  joints.  Sand- 
stones and  conglomerates  are  the  principal  water -yielding  rocks,  and  yielding  zones 
generally  occur  in  beds  that  have  been  more  thoroughly  fractured  or  weathered  than 
others.  Drilled  wells  obtain  most  of  their  water  from  thin  lens-shaped  zones  that 
are  oriented  parallel  to  bedding  planes  and  generally  are  of  small  areal  extent.  These 
zones  commonly  are  only  a few  inches  thick  and  are  separated  vertically  by  several 
feet  or  several  tens  of  feet  of  rock  that  yields  little  or  no  water  directly  to  the  wells. 
In  the  mantle  of  loosely  consolidated  weathered  material  that  overlies  the  bedrock, 
ground  water  occurs  largely  in  intergranular  openings. 

Recharge  to  the  ground-water  reservoir  comes  from  the  approximately  40  inches 
of  precipitation  received  by  the  area  annually.  Most  recharge  occurs  during  the 
nongrowing  season  (November  to  March)  even  though  more  than  50  percent  of  the 
total  annual  precipitation  occurs  during  the  growing  season  ( April  to  October ) . Re- 
charge from  precipitation  is  greatly  reduced  during  the  growing  season  because  a 
very  large  fraction  of  the  precipitation  is  consumed  by  evapotranspiration. 

The  transmissibility  of  the  northern  half  of  the  formation  between  the  Susquehanna 
River  and  Denver  is  greater  than  that  of  the  southern  half,  but  the  difference  appears 
to  be  small.  The  median  yield  of  123  wells  300  feet  or  less  in  depth  in  the  upper 
half  is  about  14  gpm  (gallons  per  minute),  and  the  median  yield  of  86  wells  in  the 
same  depth  range  in  the  lower  half  is  about  10  gpm.  Several  high  yielding  wells  on 
or  near  faults  in  the  eastern  part  of  Lancaster  County  indicate  that  the  transmissibility 
of  the  formation  is  high  near  these  faults. 

Depths  of  377  drilled  wells  investigated  range  from  27  to  705  feet,  but  80  per- 
cent of  the  wells  are  between  50  to  150  feet  deep.  The  reported  yields  of  319  wells 
range  from  less  than  1 to  330  gpm,  and  the  median  yield  is  12  gpm.  No  well-defined 
relationship  exists  between  yield  and  well  depth.  Some  deep  wells  are  highly  yield- 
ing, others  are  failures;  however,  the  highest  yields  generally  are  obtained  from  8- 
inch  or  larger  wells  drilled  to  depths  of  more  than  300  feet.  Of  14  wells  deeper  than 
300  feet,  7 yield  more  than  100  gpm,  but  of  146  wells  between  100  and  300  feet 
deep,  only  6 yield  more  than  100  gpm. 

Specific  capacities  of  wells  in  the  New  Oxford  Formation  are  relatively  low,  in- 
dicating that  the  transmissibility  of  the  formation  also  is  rather  low.  Specific  capa- 
cities of  27  wells  pumped  for  1 hour  at  discharges  of  4 to  27  gpm  range  from  0.2 
to  57.6  gpm  (gallons  per  minute)  per  foot  of  drawdown,  and  the  median  value  is 
0.7  gpm  per  foot  of  drawdown.  Specific  capacities  of  13  wells  pumped  for  7 to  72 
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hours  at  rates  of  50  to  450  gpm  range  from  0.2  to  13.9,  and  the  median  value  is  1.2. 
Most  of  the  latter  group  of  wells  are  large-diameter  (8  to  10  inches)  production 
wells  more  than  200  feet  deep. 

A considerable  part  of  the  drawdown  (at  moderate  rates  of  discharge)  in  most 
6-inch  wells  is  believed  to  be  caused  by  well  loss  ( drawdown  caused  by  resistance 
to  the  flow  of  water  into  and  within  the  well  to  the  pump  intake).  About  one- 
quarter  of  the  drawdown  in  a 6-inch  test  well,  at  a discharge  of  about  50  gpm,  is 
attributed  to  well  loss.  A significant  fraction  of  the  drawdown  in  large-diameter 
wells  is  probably  caused  by  well  loss  when  these  wells  are  pumped  at  high  rates  of 
discharge.  The  specific  capacities  of  many  wells  might  be  improved  substantially 
by  increasing  the  effective  diameter  of  the  well  either  by  drilling  or  by  well-stimu- 
lation techniques  such  as  surging. 

Ground  water  from  the  New  Oxford  Formation  is  of  the  calcium-bicarbonate  type 
and,  with  the  exception  of  some  water  that  may  require  treatment  for  hardness  is 
generally  satisfactory  for  most  purposes.  More  than  80  percent  of  349  wells  sampled 
yielded  water  having  a total  disolved-solids  content  of  less  than  250  ppm  (parts  per 
million),  and  fewer  than  1 percent  yielded  water  containing  more  than  500  ppm. 
More  than  60  percent  of  the  wells  and  springs  yield  water  that  is  soft  (0  to  6 ppm 
as  CaCC>3  ) to  moderately  hard  (61  to  120  ppm)  and  fewer  than  10  percent  of  them 
yield  water  that  is  very  hard  (more  than  180  ppm). 

Locally,  the  ground  water  is  contaminated  as  a result  of  human  activities.  In  most 
instances  the  source  of  contamination  is  within  a few  hundred  feet  of  the  well  or 
spring  affected.  The  contaminants  include  bacteria,  nitrate,  iron,  manganese,  juices 
from  silos,  gasoline,  and  fuel  oil. 


INTRODUCTION 

PURPOSE  OF  THIS  INVESTIGATION 
The  purpose  of  the  ground-water  investigation  on  which  this  report 
is  based  was  to  evaluate  the  New  Oxford  Formation  in  Lancaster  County, 
as  a source  of  ground  water,  and  to  evaluate  also  the  factors  that  affect 
the  performance  of  wells  in  the  formation.  The  investigation  was  begun 
in  September  1962  as  a part  of  the  continuing  study  of  ground-water 
resources  of  Pennsylvania  being  made  by  the  U.S.  Geological  Survey  in 
cooperation  with  the  Pennsylvania  Topographic  and  Geologic  Survey. 
This  report,  the  second  of  two  hydrologic  studies  of  the  New  Oxford 
Formation,  is  concerned  with  the  part  of  the  formation  that  is  east  of 
the  Susquehanna  River.  (See  Fig.  1.) 

Local  variations  in  the  transmissibility  of  the  bedrock  are  common. 
Consequently,  the  yield  of  closely  spaced  wells  that  penetrate  the  same 
sequence  of  beds  may  differ  considerably.  Although  there  appear  to  be 
no  marked  areal  differences  in  the  transmissibility  of  the  formation,  a 
comparison  of  the  yields  of  wells  300  feet  deep  or  less  in  depth  — in 
the  area  between  the  Susquehanna  River  and  Denver  — indicates  that 
the  transmissibility  of  the  northern  half  of  the  formation  is  slightly  great- 
er than  that  of  the  southern  half.  The  median  yield  of  123  wells  in  the 
northern  half  is  about  14  gpm;  the  median  yield  of  86  wells  in  the  south- 
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Figure  1.  Map  of  Pennsylvania  showing  area  of  this  investigation  and  area 
underlain  by  Triassic  rocks. 

ern  half  is  about  10  gpm.  Moreover,  10  of  the  wells  in  the  upper  half 
yield  more  than  50  gpm  and  4 yield  more  than  100  gpm,  whereas  only 
3 wells  in  the  lower  half  yield  more  than  50  gpm  and  none  yield  as  much 
as  100  gpm. 

No  clear  cut  relationship  exists  between  the  yield  and  the  topographic 
position  of  a well,  but  valleys  drained  by  perennially  flowing  streams 
are  more  favorable  as  sites  for  production  wells  than  are  ridges  and 
slopes.  A production  well  near  a perennial  stream  may  induce  recharge 
from  it  and  thereby  experience  smaller  declines  in  yield  during  periods 
when  recharge  from  precipitation  is  low.  Fault  zones  also  appear  to  be 
favorable  sites  for  production  wells.  A few  high-yielding  wells  have 
been  drilled  on  or  near  faults  in  the  eastern  part  of  the  area,  indicating 
that  the  permeability  of  the  rock  is  relatively  high  in  the  immediate 
vicinity  of  these  structures. 

Specific  capacities  of  wells  in  the  New  Oxford  Formation  are  generally 
low,  indicating  that  the  transmissibility  of  the  formation  as  a whole  is 
also  rather  low. 

Specific  capacities  of  26  wells  pumped  for  1 hour  at  low  rates  of  dis- 
charge (4  to  27  gpm)  range  from  0.2  to  57.6  gpm  per  foot  of  drawdown, 
and  the  median  value  is  0.7.  Only  5 of  these  wells  have  specific  capaci- 
ties greater  than  3.0.  Specific  capacities  of  13  wells  pumped  for  several 
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hours  at  discharges  ranging  from  50  to  450  gpm  range  from  0.2  to  13.9 
and  the  median  value  is  1.2.  The  maximum  specific  capacity  is  3.4,  if 
data  from  4 wells  on  or  near  faults  are  excluded.  Because  specific  capa- 
cities of  wells  in  the  New  Oxford  Formation  commonly  decrease  sub- 
stantially as  the  time  or  rate  of  discharge  increases,  the  data  from  the 
group  of  wells  pumped  for  several  hours  are  more  indicative  of  specific 
capacities  to  be  expected  from  production  wells.  The  specific  capacities 
of  most  wells  drilled  in  the  formation  probably  will  not  exceed  3.0  if 
determined  from  wells  pumped  at  high  rates  of  discharge  for  periods 
of  several  hours. 

Ground  water  from  the  New  Oxford  Formation  is  of  the  calcium  bi- 
carbonate type  and  is  generally  of  good  chemical  quality.  Water  from 
most  wells  and  springs  sampled  has  a dissolved-solids  content  of  less 
than  250  ppm,  and  nearly  two-thirds  of  the  wells  and  springs  sampled 
yield  water  that  is  soft  to  moderately  hard  (0  to  120  ppm  as  CaC03). 
The  water  from  a few  wells  is  very  hard  (more  than  180  ppm). 

The  ground  water  is  contaminated  locally  as  a result  of  human  ac- 
tivities. In  most  cases,  however,  the  source  of  contamination  is  within 
a few  hundred  feet  of  the  well  or  spring  affected.  Septic  tank  drain 
fields,  cesspools,  and  barnyards  are  the  most  common  sources  of  con- 
taminants. In  many  instances,  contamination  may  have  resulted  because 
the  well  was  not  cased  deep  enough  or  because  the  annular  opening 
around  the  casing  was  inadequately  sealed.  The  contaminants  found 
by  chemical  analysis  or  reported  by  the  owner  include  bacteria,  nitrate, 
iron,  manganese,  juices  from  silos,  gasoline,  and  fuel  oil. 

METHODS  USED  IN  THIS  INVESTIGATION 

The  data  used  in  this  investigation  were  obtained  largely  from  an 
inventory  of  about  450  wells  and  springs.  All  public  supply  and  indus- 
trial wells  in  the  project  area  are  included  in  the  inventory.  Most  of  the 
information  was  obtained  from  the  owners  or  from  drillers’  files.  The 
well  and  spring  records  are  given  in  Table  4,  and  the  locations  of  all 
wells  and  springs  inventoried  are  shown  on  Plate  1. 

Field  measurements  of  specific  conductance  and  hardness  were  made 
on  water  samples  from  about  350  wells  and  springs;  pH  was  determined 
for  170  samples,  and  the  temperature  was  recorded  for  85  samples. 
These  field  determinations  are  listed  in  Table  4,  and  complete  chemical 
analyses  of  water  samples  from  27  wells  and  1 spring  are  given  in  Table  5. 

Pumping-test  data  are  available  for  37  wells.  Twenty-nine  of  these 
wells  were  pumped  by  the  author  for  periods  of  1 hour  or  more  to  de- 
termine their  specific  capacities.  Two  6-inch  test  wells  (Ln-88  and  Ln- 
242)  were  drilled  to  obtain  detailed  information  about  the  depth,  thick- 
ness, spacing,  and  yielding  capacity  of  individual  water-bearing  zones. 
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Test  well  Ln-88  was  pumped  at  several  rates  of  discharge  for  periods  of 
1 hour  to  determine  the  effect  of  the  discharge  rate  on  the  specific 
capacity  of  the  well. 

Automatic  water-level  recorders  were  placed  on  selected  wells  to  ob- 
tain continuous  records  of  water-level  fluctuations.  Records  were  ob- 
tained from  wells  in  which  fluctuations  resulted  from  natural  causes  and 
also  from  wells  in  which  the  fluctuations  were  caused  partly  by  the 
pumping  of  nearby  wells. 

Detailed  geologic  observations  were  made  at  numerous  bedrock  out- 
crops and  at  well-drilling  sites  to  obtain  information  about  jointing, 
weathering,  and  other  factors  that  might  affect  the  occurrence  and  move- 
ment of  ground  water. 

PREVIOUS  INVESTIGATIONS 

The  geology  of  the  Triassic  rocks  in  Lancaster  County  is  described  in 
reports  on  the  geology  and  mineral  resources  of  the  New  Holland,  Lan- 
caster, and  Middletown  l5V2-minute  quadrangles  by  Jonas  and  Stose 
(1926,  1930)  and  Stose  and  Jonas  (1933).  The  geologic  map  accompany- 
ing this  report  was  compiled  from  the  work  of  Dean  R.  McLaughlin. 
Most  of  the  descriptive  geologic  data  included  in  this  report  were  ob- 
tained from  two  unpublished  manuscripts  by  McLaughlin  (1953,  1964) 
on  file  with  the  Pennsylvania  Topographic  and  Geologic  Survey,  and 
from  a report  on  the  stratigraphy  and  origin  of  the  Triassic  rocks  in 
Lebanon  and  Lancaster  Counties  by  McLaughlin  and  Gerhard  (1953). 

Previous  information  concerning  the  water-bearing  properties  of  the 
New  Oxford  Formation  in  Lancaster  County  is  limited  to  a few  brief 
statements  in  a reconnaissance  report  on  the  occurrence  of  ground  water 
in  southeastern  Pennsylvania  by  Hall  (1934).  However,  a recent  study 
of  the  hydrology  of  the  New  Oxford  Formation  west  of  the  Susquehanna 
River  by  Wood  and  Johnston  (1964)  includes  much  information  pertinent 
to  the  formation  in  Lancaster  County. 

CLIMATE 

The  climate  of  Lancaster  County  is  humid  and  is  characterized  by 
warm  summers  and  mild  winters.  The  average  annual  precipitation 
ranges  from  about  40  inches  near  the  western  end  of  the  project  area, 
at  York  Haven,  in  York  County,  to  about  43  inches  near  the  eastern  end 
of  the  area,  at  Ephrata.  The  precipitation  is  distributed  fairly  evenly 
throughout  the  year  (Fig.  2)  but  is  generally  greater  during  the  6-month 
period  from  May  through  October  than  during  the  6-month  period  from 
November  through  April.  At  York  Haven,  for  example,  precipitation 
averages  about  22  inches  from  May  through  October  and  about  18 
inches  from  November  through  April.  These  periods  correspond  ap- 
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Figu  re  2.  Graph  showing  average  monthly  precipitation  and  temperature  at 
Ephrata,  Pa.,  1931-60.  Data  from  U.  S.  Weather  Bureau. 

proximately  with  the  growing  and  non  growing  seasons.  Snowfall  av- 
erages about  30  inches  a year,  and  the  fields  are  snow  covered  about 
one-third  of  the  time  during  the  winter  months. 

The  average  annual  air  temperature  is  about  53°  F,  and  ranges  from 
an  average  low  of  about  32°  F in  January  to  an  average  high  of  about 
75°  F in  July.  The  average  frost-free  period  in  Lancaster  County  is 
160  days.  The  average  date  of  the  last  frost  in  the  spring  is  April  30, 
and  that  of  the  first  frost  in  autumn  is  October  7. 

WELL-NUMBERING  SYSTEM 

The  well-numbering  system  used  in  this  report  consists  of  a county 
well  number  and  a location  number.  The  county  numbers  are  listed  in 
consecutive  order  in  Table  4 and  appear  beside  the  well  symbol  on  the 
well-location  map  (PI.  1).  The  location  number  consists  of  a two-segment 
number  that  locates  the  well  within  a rectangular  area  bounded  by  1- 
minute  parallels  of  latitude  and  1-minute  meridians  of  longitude.  The 
first  segment  of  the  location  number  refers  to  the  latitude  on  the  south 
side  of  the  1-minute  quadrangle;  the  second  segment  refers  to  the  longi- 
tude in  the  east  side  of  this  quadrangle.  The  first  digit  of  the  degree  of 
latitude  and  the  first  digit  of  the  degree  of  longitude  are  the  same  for 
all  location  numbers  and,  therefore,  have  been  dropped  for  the  sake 
of  brevity.  For  example,  well  Ln-242,  for  which  the  location  number  is 
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009-633,  is  in  the  1-minute  quadrangle  bounded  on  the  south  by  latitude 
40°09'  and  on  the  east  by  longitude  76° 33'.  This  example  is  illustrated 
in  Figure  3. 

Well  Number  - Ln  242 

Location  Number  009  — 633 


76°35'  76°34'  76°33'  76°32'  76°3V  76°30' 

40°12' 


40°11' 


40°10' 


40°09' 

■\ I 

40°08' 

40°07/ 

Figure  3.  Sketch  showing  well-numbering  system. 
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GEOLOGY 

TRIASSIC  SYSTEM 

Sedimentary  rocks  of  Triassic  age  exposed  in  the  east  coast  region  of 
the  United  States  and  Canada  are  referred  to  collectively  as  the  Newark 
Group.  These  rocks  are  exposed  in  a series  of  disconnected,  downfaulted 
troughs  extending  from  South  Carolina  to  Nova  Scotia.  The  largest  of 
these  troughs,  in  which  the  project  area  is  located,  extends  from  the 
Hudson  River  across  New  Jersey,  southeastern  Pennsylvania,  and  central 
Maryland,  into  Virginia.  The  trough  is  elongated  mainly  in  a north- 
east-southwest direction  and  is  bounded  on  one  side  by  steeply  dipping 
faults. 

The  sediments  of  the  Newark  Group  were  deposited  by  streams  and 
rivers  that  discharged  into  these  troughs  from  nearby  uplands.  Varia- 
tions in  topography  and  climate  resulted  in  irregular  deposition  of  lenti- 
cular beds  consisting  largely  of  poorly  sorted  material.  The  rocks  are 
commonly  red,  exhibit  similar  lithologic,  paleontologic,  stratigraphic,  and 
structural  relationships,  and  are  of  continental  origin.  Conglomerate, 
sandstone,  siltstone,  shale,  and  argillite  make  up  the  bulk  of  the  deposits. 
Associated  with  these  sedimentary  rocks  are  igneous  rocks  of  basaltic 
composition  that  occur  both  as  extrusive  flows  interbedded  with  the 
sedimentary  strata  and  as  intrusive  dikes  and  sills.  Igneous  activity  oc- 
curred during  the  late  stages  of  deposition,  and  some  of  the  dikes  were 
intruded  after  deposition  had  ceased. 

The  rocks  of  the  Newark  Group  are  commonly  subdivided  into  two 
major  units,  and  in  some  troughs  a third  major  unit  is  present  locally. 
These  units  have  been  given  formation  names  but  it  has  not  been  pos- 
sible to  correlate  formations  from  one  trough  to  another.  The  oldest 
deposits  in  each  trough  are  predominantly  arkosic  in  composition.  The 
youngest  deposits  in  most  troughs  consist  of  red  beds  in  which  arkosic 
sediments  are  subordinate  or  lacking.  Stratigraphically  intermediate 
units,  where  present,  consist  of  fine-grained,  dark-colored  sediments 
that  are  believed  to  have  been  deposited  in  lakes  and  swamps  in  the 
central  parts  of  the  troughs.  These  major  units  interfinger  to  some  ex- 
tent and  thus  are  partly  contemporaneous. 

The  Newark  Group  is  believed  to  be  of  Late  Triassic  age,  partly  on 
the  basis  of  correlation  with  Triassic  rocks  of  Europe  (McLaughlin,  1957, 
p.  1492-1493),  and  partly  on  the  basis  of  structural  and  stratigraphic 
evidence.  Rocks  of  the  Newark  Group  lie  unconformably  on  strongly 
folded  and  deeply  eroded  Paleozoic  rocks  and  hence  were  not  involved 
in  the  tectonic  activity  near  the  end  of  the  Paleozoic  Era.  At  several 
areas  in  New  Jersey  the  deeply  eroded  sedimentary  rocks  of  the  Newark 
Group  are  unconformably  overlain  by  sediments  of  Cretaceous  age. 
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In  the  segment  of  the  trough  in  which  the  project  area  is  located,  the 
Newark  Group  has  been  divided  into  a basal  unit  known  as  the  New 
Oxford  Formation  and  into  an  overlying  and  partly  contemporaneous  unit 
known  as  the  Gettysburg  Formation.  The  New  Oxford  and  Gettysburg 
Formations  are  the  approximate  stratigraphic  equivalents  of  the  Stock- 
ton  and  Brunswick  Formations,  respectively,  of  eastern  Pennsylvania 
and  New  Jersey. 


New  Oxford  Formation 

The  following  description  of  the  New  Oxford  Formation  is  sum- 
marized largely  from  work  by  D.  B.  McLaughlin  (1953,  1964)  and  by 
McLaughlin  and  Gerhard  (1953).  The  geologic  contacts  and  structure 
of  the  New  Oxford  Formation  shown  on  the  map  accompanying  this  re- 
port (PI.  1)  were  mapped  by  McLaughlin.  Comments  on  jointing  and 
weathering  are  the  author’s. 

Distribution  and  topographic  expression.  — In  Lancaster  County,  the 
principal  segment  of  the  New  Oxford  Formation  occupies  a narrow  area 
approximately  31  miles  in  length  extending  from  the  Susquehanna  River 
near  Bainbridge  to  Denver.  In  the  western  one-third  of  this  area  the 
formation  trends  northeastward  and  has  a maximum  width  of  about  3 
miles.  Near  Mastersonville  the  trend  changes  slightly  toward  the  east. 
At  the  flexure  the  area  begins  to  narrow  eastward  until,  at  Denver,  it  is 
less  than  one-half  mile  wide. 

Arkosic  rocks  of  the  New  Oxford  Formation  are  exposed  in  three 
separate  areas  south  and  southeast  of  Denver.  One  of  these,  214  miles 
long  and  one-quarter  mile  wide,  is  just  northeast  of  Reamstown.  A 
larger  area,  about  8 miles  long  and  ranging  from  1 to  less  than  one- 
quarter  of  a mile  in  width,  lies  between  Akron  and  Terre  Hill.  Another 
very  small  segment,  about  three-quarters  of  a mile  long  and  less  than  a 
tenth  of  a mile  wide,  underlies  the  village  of  Martindale. 

The  area  underlain  by  the  New  Oxford  Formation  is  a gently  rolling 
lowland  in  which  elevations  range  generally  between  400  and  500  feet 
above  mean  sea  level.  Several  low  ridges  parallel  to  the  strike  of  the 
bedding  formed  largely  by  conglomerate,  which  is  more  resistant  to 
weathering  and  erosion  than  the  sandstone  and  shale.  Many  small  streams 
flow  parallel  to  the  strike  of  the  bedding,  but  the  larger  streams  traverse 
the  formation  almost  perpendicular  to  the  strike  or  at  an  angle  to  it. 

Lithology.  — The  New  Oxford  Formation  consists  of  an  intricately 
interbedded  sequence  of  highly  compacted  and  tightly  cemented  con- 
glomerates, sandstones,  siltstones,  and  shales.  Bedding  is  characteris- 
tically lenticular,  and  individual  beds  grade  rapidly  (both  laterally  and 
downdip)  into  rocks  of  different  textures.  The  sandstones  are  character- 
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istically  subarkosic  (10-25  percent  feldspar  content)  and  are  the  pre- 
dominant rock  type.  Most  conglomerates  are  in  the  lower  two-thirds  of 
the  formation.  Siltstones  and  shales  are  present  throughout  the  forma- 
tion, and  most  wells  100  feet  or  more  in  depth  will  penetrate  some  shale 
or  siltstone.  The  sandstones  and  conglomerates  are  most  commonly 
light  gray  to  greenish  gray  where  fresh,  and  yellowish  or  buff  colored 
where  weathered;  a few  of  the  sandstones  are  red  or  reddish  brown.  The 
siltstones  and  shales  are  generally  red,  but  gray,  greenish  gray,  and  tan 
are  not  uncommon. 

Beds  of  true  arkose  are  present  but  are  not  abundant  in  the  New  Ox- 
ford Formation.  The  sandstones  and  conglomerates  of  the  overlying 
Gettysburg  Formation  are  distinguished  from  those  of  the  New  Oxford 
Formation  by  their  deficiency  in  feldspar.  In  addition,  the  very  fine- 
grained sandstones,  siltstones,  and  shales  of  the  New  Oxford  Formation 
are  commonly  micaceous,  whereas  those  of  the  Gettysburg  Formation 
are  not. 

The  conglomerates  of  the  New  Oxford  Formation  are  composed  large- 
ly of  angular  to  subrounded,  sand-size  grains  of  quartz  and  feldspar  in 
which  are  embedded  widely  scattered  pebbles  of  vein  quartz  and  quartz- 
ite together,,  with  a few  fragments  of  schist  and  other  rock  types.  The 
cement  is  chiefly  silica.  At  several  localities  near  the  base  of  the  forma- 
tion, limestone  conglomerate  is  exposed  or  has  been  penetrated  by  wells. 

The  sandstones  range  in  texture  from  very  fine-grained  to  very  coarse- 
grained, but  fine-  to  medium-grained  rocks  are  the  most  abundant.  The 
fine-grained  sandstones  commonly  grade  vertically  into  siltstones.  Sort- 
ing is  generally  poor,  but  some  of  the  fine-grained  rocks  display  fair  to 
good  sorting.  Some  of  the  fine-grained  sandstones  are  very  micaceous 
and  display  closely  spaced  partings  parallel  to  the  bedding  planes.  The 
sandstones  are  composed  mainly  of  angular  to  subrounded  grains  of 
glassy  quartz  and  white  feldspar,  and  of  minor  amounts  of  mica.  The 
matrix  is  composed  of  a mixture  of  very  fine  grains  of  quartz  and  feld- 
spar together  with  particles  of  silt  and  clay.  A few  sandstones  contain 
calcium  carbonate  -as  a cementing  material,  but  in  most  sandstones  this 
type  of  cement  is  either  absent  or  is  present  in  very  small  amounts. 

Siltstones  and  shales  are  considerably  softer  than  most  of  the  coarse- 
grained rocks,  and  most  of  them  are  rather  compact  and  structureless. 
Many  of  the  siltstones  and  shales  are  very  micaceous  and  many  are 
calcareous. 

Stratigraphic  relations.  — The  New  Oxford  Formation  is  stratigraphi- 
cally  the  lower,  and  therefore  the  older,  of  the  two  major  subdivisions 
of  the  Newark  Group  in  Lancaster  County  and  the  area  to  the  north. 
However,  beds  of  the  overlying  Gettysburg  Formation  are  interbedded 
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with  those  of  the  New  Oxford  Formation  so  that  the  two  units  are  partly 
contemporaneous.  The  upper  (or  northern)  contact  of  the  New  Oxford 
is  drawn  rather  arbitrarily  where  the  quartzose,  almost  nonfeldspathic 
sandstones  of  the  Gettysburg  Formation  predominate  over  the  felds- 
pathic  sandstones  of  the  New  Oxford  Formation.  The  lower  (or  south- 
ern) contact  with  pre-Triassic  rocks  is  not  exposed,  but  in  most  places 
it  can  be  determined  rather  closely  on  the  basis  of  abrupt  changes  in 
float  (residual  rock  fragments  in  the  soil),  soil  color,  and  topography. 

Individual  beds  seldom  can  be  traced  along  strike  for  any  appreciable 
distance,  but  sequences  of  beds  of  distinctive  lithology  may  persist  for 
several  miles.  Several  rather  prominent  riclge-forming  conglomerate 
units  have  been  mapped  and  are  shown  on  the  accompanying  geologic 
map  (PI.  1). 

The  lithologic  differences  between  the  New  Oxford  Formation  and 
Gettysburg  Formation  appear  to  have  been  the  result  of  a change  in 
source  areas  from  which  the  sediments  were  derived.  Petrologic  and 
structural  evidence  indicates  that  the  New  Oxford  sediments  were  de- 
rived principally  from  feldpathic  igneous  and  metamorphic  rocks  to  the 
south,  whereas  the  sediments  of  the  Gettysburg  Formation  apparently 
were  derived  principally  from  the  relatively  nonfeldspathic  sedimentary 
rocks  of  Paleozoic  age  to  the  north  and  northeast. 

Tljickness.  — The  thickness  of  the  New  Oxford  Formation  in  the  area 
between  the  Susquehanna  River  and  Denver  ranges  from  about  4,800 
feet  near  the  western  end  to  about  900  feet  at  the  eastern  end  (Mc- 
Laughlin 1953,  1964).  South  and  southeast  of  Denver,  faulting  makes 
thickness  determination  difficult.  However,  south  of  Terre  Hill  the  New 
Oxford  Formation  is  estimated  to  have  an  average  thickness  of  500  feet 
(Jonas  and  Stose,  1926). 

Structure.  — The  sediments  of  the  New  Oxford  Formation  were  de- 
posited on  surfaces  of  relatively  low  to  moderate  gradient,  but  settling 
of  the  floor  of  the  trough  during  deposition,  and  downward  movement 
along  northern  border  faults,  tilted  the  beds  steeply  to  the  north  or 
northwest.  Postdepositional  stresses  also  produced  an  extensive  network 
of  joints  in  the  rocks. 

In  the  area  west  of  Denver,  the  northward-dipping  beds  strike  north- 
eastward in  the  western  half  of  the  area  and  eastward  in  the  eastern 
half  of  the  area.  The  dip  of  the  bedding  steepens  from  west  to  east, 
averaging  between  25'J  and  35°  west  of  Elstonville  and  between  40°  and 
60°  east  of  Elstonville.  A few  steeper  dips  (70°  to  80°)  have  been  meas- 
ured, but  it  is  possible  that  these  were  measured  on  large-scale  cross- 
bedding and  that  postdepositional  tilting  has  caused  them  to  become 
anomalously  high.  Bedding  in  the  New  Oxford  Formation  south  and 
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southeast  of  Denver  has  a general  east-west  trend  and  a northward  dip. 
Dips  are  generally  greater  than  20°,  and  in  the  vicinity  of  faults  — 
where  strikes  and  dips  are  commonly  at  variance  with  the  regional  trend 
— they  may  be  considerably  greater. 

Only  a few  faults  have  been  mapped  in  the  New  Oxford  Formation 
west  of  Denver,  but  others  may  be  present.  The  sparsity  of  bedrock  ex- 
posures and  the  general  lack  of  distinctive  mappable  lithologic  units 
make  it  difficult  to  confirm  the  presence  or  absence  of  faults.  The  known 
faults  are  high-angle  structures  oriented  perpendicular  or  diagonal  to 
the  strike  and  generally  involve  displacements  of  only  a few  hundred  feet. 

South  and  southeast  of  Denver  the  New  Oxford  Formation  has  been 
extensively  faulted  into  blocks  and  wedges  by  high-angle  faults  that 
traverse  the  rocks  both  in  a north-south  and  in  an  east-west  direction. 
At  several  places,  the  New  Oxford  Formation  is  in  fault  contact  with 
Paleozoic  limestones  and  shales. 

Rocks  of  the  New  Oxford  Formation  are  jointed  extensively,  but  the 
degree  of  development  of  these  joints  may  differ  considerably  from  bed 
to  bed,  even  in  rocks  of  similar  texture  and  composition.  Some  sand- 
stones and  conglomerates  are  well  jointed,  others  are  rather  massive 
and  contain  only  widely  spaced  irregular  joints.  Shales  and  siltstones 
generally  are  compact  and  unfractured,  or  contain  only  irregular,  hair- 
line fractures.  The  openings  formed  by  joints  seldom  exceed  1 or  2 
inches  in  width  and  generally  are  only  a fraction  of  an  inch.  The  dis- 
tance between  joints  of  the  same  set  varies  from  a few  inches  to  several 
feet.  The  closest  joints  generally  occur  in  micaceous  sandstones  in  which 
platy  partings  have  developed  parallel  to  the  bedding. 

Joints  in  the  New  Oxford  Formation  between  the  Susquehanna  River 
and  Denver  have  three  principal  orientations.  In  general  the  best-de- 
veloped set  is  the  nearly  vertical  set  that  strikes  east-northeast.  Joints 
that  parallel  the  bedding  also  are  strongly  developed  in  some  beds,  par- 
ticularly in  those  containing  substantial  amounts  of  mica.  A third  poorly 
developed  set  of  nearly  vertical  joints  strikes  approximately  north-south. 
Because  only  a few  joints  were  measured  in  the  area  south  and  south- 
east of  Denver,  the  general  orientation  of  joints  in  this  area  cannot  be 
given.  However,  the  jointing  characteristics  of  the  rocks  are  essentially 
the  same  as  in  the  area  west  of  Denver. 

Weathering  characteristics.  — Weathering  consists  of  a group  of  pro- 
cesses that  cause  the  disintegration  and  decomposition  of  rocks  and 
minerals  near  the  earth’s  surface.  Of  all  these  processes,  chemical 
weathering  is  generally  the  most  effective  in  promoting  rock  decay.  The 
principal  zone  of  weathering  occurs  above  the  water  table  and  within 
the  zone  of  water-table  fluctuations,  where  chemical  alteration  caused 
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by  such  agents  as  air,  water,  and  water  solutions  is  most  intense.  The 
intensity  of  weathering  decreases  markedly  below  the  zone  of  water- 
table  fluctuation,  hut  its  effects  may  extend  for  considerable  distances 
below  this  zone. 

In  the  area  underlain  by  the  New  Oxford  Formation,  weathering  pro- 
cesses have  produced  a thick  mantle  of  strongly  altered,  loosely  con- 
solidated material.  This  material  ranges  in  thickness  from  a few  inches 
to  as  much  as  50  feet.  On  the  basis  of  the  depths  of  hand-dug  wells 
(which  commonly  bottom  in  solid  bedrock)  and  the  depths  of  casings 
in  drilled  wells  (which  generally  are  seated  3 or  4 feet  into  solid  bed- 
rock) the  average  thickness  of  the  weathered  mantle  is  estimated  to 
be  about  23  feet.  The  mantle  is  generally  thinnest  beneath  draws  and 
valleys  and  thickest  beneath  moderate  slopes  and  low  flat-topped  ridges. 

Weathering  of  the  underlying  bedrock  has  occurred  chiefly  along  the 
walls  of  joints  and  along  bedding  planes,  and  it  has  been  most  intense 
in  arkosic  and  subarkosic  sandstones  and  conglomerates.  Some  highly 
quartzose  sandstones  and  conglomerates,  and  the  siltstones  and  shales, 
have  been  affected  only  slightly  by  weathering  processes.  The  thickness 
of  the  weathered  zones  along  joint  surfaces  in  the  bedrock  is  commonly 
no  more  than  a few  inches;  however,  some  highly  feldspathic  beds  and 
beds  with  closely  spaced  bedding-plane  joints  have  been  thoroughly 
weathered  throughout  their  entire  thickness. 

The  maximum  depth  to  which  chemical  weathering  occurs  in  the  bed- 
rock is  not  known,  but  data  from  a test  well  (Ln-242)  drilled  to  a depth 
of  300  feet  in  a conglomerate  sequence  west  of  Milton  Grove  indicate 
that  alteration  occurs  at  least  to  depths  of  155  feet.  Relatively  soft  beds 
of  sandstone  and  conglomerate  containing  partially  altered  feldspar 
grains  were  encountered  at  several  depths  between  land  surface  and  a 
depth  of  155  feet  during  drilling  of  this  well.  Several  large  pieces  of 
white  clay,  residual  from  the  alteration  of  feldspars,  apparently  were 
flushed  from  the  principal  yielding  zone  at  155  feet  during  drilling. 

Diabase 

Diabase,  an  igneous  rock  of  basaltic  composition,  has  intruded  the 
New  Oxford  and  Gettysburg  Formations  of  Lancaster  County  chiefly  in 
the  form  of  long,  narrow  dikes.  A thick,  massive  sill  of  this  rock  was 
intruded  near  the  upper  boundary  of  the  New  Oxford  Formation  between 
the  Susquehanna  River  and  Mount  Hope.  The  dikes  dip  steeply,  have 
a north  or  northeast  trend,  and  range  in  thickness  from  about  50  to  2.50 
feet.  The  longest  continuous  dike  in  the  New  Oxford  Formation  is  about 
7 miles  long.  It  cuts  diagonally  across  the  strike  of  the  beds  from  a point 
north  of  Milton  Grove  to  a point  southwest  of  Elizabethtown.  This  dike 
and  several  others  extend  into  the  pre-Triassic  rocks.  In  most  places  the 
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dikes  have  little  distinct  topographic  expression  and,  because  they  are 
deeply  weathered,  are  exposed  in  only  a few  deep  road  and  railroad 
cuts.  Rounded  rust-covered  cobbles  and  boulders  of  diabase  show  up 
rather  distinctly  in  the  soils  overlying  these  dikes,  and  therefore  they 
are  fairly  easily  mapped  on  the  basis  of  float. 

Diabase  in  the  central  part  of  sills  is  medium  to  coarse  grained,  but 
at  contacts  with  the  country  rock  and  in  the  narrow  dikes  — where  cool- 
ing was  more  rapid  — the  texture  is  fine  grained. 

Heat  emanating  from  the  cooling  diabase  baked  the  adjacent  sedi- 
mentary rocks  causing  them  to  become  hard  and  brittle.  In  addition, 
the  original  red  or  brown  color  of  some  sediments  has  been  changed  to 
bluish  black  by  reduction  of  the  iron  oxide.  These  effects  are  most  pro- 
nounced in  sediments  near  the  large  masses  of  diabase,  but  similar  color 
changes  and  induration  also  have  occurred  adjacent  to  the  narrow  dikes. 
In  a railroad  cut  at  the  south  edge  of  Elizabethtown,  a shale  in  contact 
with  a vertical  dike  about  50  feet  thick  grades  from  bluish  black  to  red 
about  100  feet  away  from  the  dike.  A medium-grained  arkosic  sand- 
stone beneath  the  shale  was  hardened  for  a distance  of  about  8 feet 
from  the  dike.  The  hardened  rocks  on  either  side  of  the  dike  are  strongly 
shattered,  and  it  is  possible  that  these  narrow  baked  zones  are  also  zones 
of  high  permeability. 


HYDROLOGY  OF  THE  NEW  OXFORD  FORMATION 

GENERAL  PRINCIPLES 

Ground  water  is  the  subsurface  water  in  the  zone  of  saturation  — the 
zone  where  all  the  voids  are  filled  with  water  under  pressure  equal  to 
or  greater  than  atmospheric.  The  upper  surface  of  this  zone  is  the  water 
table.  Above  the  water  table  is  the  zone  of  aeration,  where  voids  are 
filled  partly  with  water  and  partly  with  air. 

Ground  water  may  occur  under  either  water-table  (unconfined)  or 
artesian  (confined)'  conditions.  Water-table  conditions  exist  where  the 
upper  surface  of  the  zone  of  saturation  is  not  confined  and  is  free  to 
fluctuate  in  response  to  recharge  to  or  discharge  from  the  aquifer.  The 
water  table  is  a modified  replica  of  the  surface  topography,  and  is  there- 
fore at  higher  altitudes  beneath  hills  and  ridges  than  beneath  valleys. 
Artesian  conditions  exist  where  ground  water  is  confined  under  hydro- 
static pressure  beneath  a relatively  impermeable  bed  or  layer  of  rock. 
In  wells  cased  to  a confined  aquifer,  water  levels  rise  above  the  con- 
fining layer  to  a level  called  the  piezometric  surface  of  the  aquifer. 
Flowing  wells  occur  where  the  piezometric  surface  is  above  the  land 
surface. 
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Where  artesian  aquifers  or  zones  extend  to  or  near  the  land  surface 
they  are  generally  recharged  by  water  moving  downward  from  the 
water  table.  In  such  places  the  water  undergoes  a change  from  uncon- 
fined to  confined  conditions.  Recharge  to  a confined  aquifer  may  also 
be  derived  from  an  overlying  or  underlying  aquifer  in  which  the  water 
is  under  greater  hydraulic  head.  The  rate  of  interaquifer  flow  through 
a relatively  impermeable  confining  layer  may  be  extremely  slow,  but 
when  this  flow  occurs  over  large  areas  it  may  contribute  a substantial 
part  of  the  total  recharge  to  an  aquifer  or  zone.  The  rate  of  interaquifer 
flow  may  be  increased  if  the  artesian  pressure  in  the  receiving  aquifer 
is  lowered  further  by  pumping  from  a well  or  wells. 

The  capacity  of  an  aquifer  to  store  water  is  a function  of  its  porosity, 
which  is  the  percentage  of  open  space  in  the  total  volume  of  the  aquifer. 
If  the  porosity  originated  at  the  time  the  aquifer  was  formed,  it  is  termed 
primary  porosity;  if  formed  later,  by  such  processes  as  jointing  or  weath- 
ering, it  is  termed  secondary  porosity.  Unconsolidated  sediments  com- 
monly have  rather  high  primary  porosity,  but  as  consolidation  takes 
place  by  compaction  and  cementation,  primary  porosity  is  reduced  and 
may  be  eliminated  completely.  In  highly  consolidated  rocks  the  porosity 
is  largely  of  secondary  origin. 

The  capacity  of  an  aquifer  to  transmit  water  under  hydraulic  gradient 
is  determined  by  its  permeability.  The  permeability  is  determined  by 
the  size,  shape,  and  number  of  the  primary  and  secondary  openings  and 
by  the  degree  to  which  these  openings  are  interconnected. 

In  order  to  evaluate  the  capacity  of  aquifers  to  store  and  transmit 
water  it  is  necessary  to  determine  their  hydraulic  properties.  These 
properties  are  generally  determined  from  mathematical  analysis  of  meas- 
ured water-level  fluctuations  produced  in  or  in  the  vicinity  of  a well 
during  a period  when  it  is  pumped  at  a known  rate  of  discharge.  The 
following  paragraphs  define  these  hydraulic  properties. 

The  coefficient  of  permeability  of  an  aquifer  is  a measure  of  the  aqui- 
fer’s ability  to  transmit  water  and  is  defined  as  the  rate  of  flow  of  water, 
in  gallons  per  day,  through  a cross-sectional  area  of  1 square  foot  under 
a unit  hydraulic  gradient  at  a temperature  of  60°  F. 

The  coefficient  of  transmissibility,  T,  of  an  aquifer  is  defined  as  the 
rate  of  flow  of  water,  in  gallons  per  day,  through  a vertical  strip  of  the 
aquifer  1 foot  wide  extending  the  full  saturated  height  of  the  aquifer 
under  a unit  hydraulic  gradient. 

The  storage  coefficient,  S,  of  an  aquifer  is  defined  as  the  volume  of 
water  the  aquifer  releases  from  or  takes  into  storage  per  unit  surface 
area  of  the  aquifer  per  unit  change  in  the  component  of  head  normal 
to  that  surface. 
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Specific  capacity  is  defined  as  the  yield  of  a well  per  unit  decline  of 
water  level.  It  is  expressed  generally  in  gallons  per  minute  per  foot  of 
drawdown. 

Specific  capacity  is  in  part  a function  of  the  hydraulic  properties  of 
an  aquifer,  and  because  of  this  relationship  it  can  be  used  as  a tool  for 
comparing  different  aquifers.  High  specific  capacities  generally  indicate 
high  coefficients  of  transmissibility,  and  low  specific  capacities  indicate 
low  coefficients  of  transmissibility.  It  is  not  a precise  tool,  however,  be- 
cause specific  capacity  is  also  related  to  the  radius  and  efficiency  of  the 
well,  the  rate  and  duration  of  pumping,  and  the  depth  of  penetration 
of  the  aquifer. 

Where  a well  penetrates  more  than  one  aquifer,  the  specific  capacity 
will  increase  as  each  new  aquifer  is  intercepted,  and  the  increase  will 
be  approximately  equal  to  the  specific  capacity  of  a well  tapping  the 
new  aquifer  alone.  In  other  words,  the  specific  capacity  of  a multiaqui- 
fer well  is  equal  to  the  sum  of  the  specific  capacities  of  the  individual 
aquifers  (Bennett  and  Patten,  1960). 

OCCURRENCE  OF  GROUND  WATER 

Ground  water  in  the  New  Oxford  Formation  occurs  chiefly  in  openings 
developed  along  joints  and  in  intergranular  openings  formed  where 
weathering  processes  have  resulted  in  decomposition  and  disintegration 
of  the  consolidated  rock.  Porosity  of  primary  origin  appears  to  have 
been  largely  obliterated  by  compaction  and  cementation.  Fresh  rocks 
observed  in  surface  exposures  and  in  cuttings  from  numerous  drilled 
wells  were  invariably  tightly  cemented  and  highly  compacted. 

In  the  weathered  mantle  overlying  the  bedrock,  water  occurs  largely 
in  intergranular  openings.  The  mantle  is  highly  porous  and  therefore 
constitutes  an  important  ground-water  storage  reservoir  that  supplies 
large  amounts  of  recharge  to  the  bedrock.  In  areas  where  recharge  from 
streams  is  not  available,  much  of  the  water  pumped  from  drilled  wells 
is  derived  from  storage  in  the  overlying  mantle.  The  saturated  portion 
of  the  mantle  is  a direct  source  of  water  to  most  hand-dug  wells,  but 
most  of  these  wells  were  reported  to  yield  only  small  to  moderate  sup- 
plies. Apparently  the  clay  minerals  produced  by  the  intense  alteration 
of  feldspars  have  partially  clogged  the  pore  spaces  of  the  weathered 
mantle,  causing  it  to  have  a low  permeability. 

The  saturated  thickness  of  the  weathered  mantle  varies  considerably 
from  season  to  season,  being  greatest  in  the  winter  and  spring  months 
and  least  in  the  summer  and  autumn  months.  Measurements  made  in  58 
hand-dug  wells  at  different  times  of  the  year,  at  different  topographic 
positions,  indicate  that  the  saturated  thickness  of  the  weathered  mantle 
ranges  from  0 to  24  feet  and  averages  approximately  6 feet.  During  late 
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summer  droughts,  the  mantle  overlying  some  ridges  and  steep  slopes 
becomes  nearly  or  completely  dewatered  as  ground  water  drains  to 
points  of  lower  elevation.  In  this  way,  many  hand-dug  wells  in  the  New 
Oxford  Formation  become  dry,  or  nearly  so,  during  droughts.  Dewater- 
ing of  the  mantle  may  also  occur  in  the  vicinity  of  heavily  pumped 
drilled  wells. 

In  the  bedrock,  water  is  contained  in  both  fracture-induced  and 
weathering-induced  porosity.  Sandstones  and  conglomerates,  which  have 
been  more  strongly  fractured  and  weathered  than  siltstones  and  shales, 
are  the  principal  water-yielding  rocks.  Siltstones  and  shales,  which  have 
been  relatively  unaffected  by  weathering  processes,  generally  contain 
only  poorly  developed  fractures;  therefore,  they  yield  little  or  no  water 
to  wells. 

Wells  drilled  into  the  bedrock  generally  obtain  the  bulk  of  their  water 
from  thin,  widely  spaced  zones  of  relatively  high  permeability.  These 
zones  are  commonly  only  a few  inches  thick  and  seldom  are  more  than 
2 or  3 feet  thick.  They  are  generally  separated,  vertically,  by  several 
feet  or  several  tens  of  feet  of  rock  that  yield  little  or  no  water  directly 
to  the  well.  The  principal  water-yielding  zones  have  developed  in  beds, 
or  zones  within  beds,  that  apparently  have  been  more  thoroughly  frac- 
tured and  weathered  than  overlying  and  underlying  rocks.  These  zones 
are  oriented  parallel  to  the  bedding  planes  and,  like  the  beds,  are  of 
small  areal  extent.  Moreover,  observations  made  during  drilling  of  a few 
closely  spaced  wells  indicate  that  the  permeability  of  individual  water- 
yielding  zones  may  differ  considerably  over  distances  as  short  as  100 
feet.  The  occurrence  of  water-yielding  zones  is  erratic,  and  their  pres- 
ence generally  can  be  determined  only  by  drilling. 

An  example  of  the  erratic  occurrence  of  water-yielding  zones  is  pro- 
vided by  information  from  three  wells  owned  by  the  Bainbridge  Water 
Authority.  A geologic  cross  section  constructed  from  driller’s  logs  of 
these  three  wells,  which  shows  the  depths  at  which  water  was  encoun- 
tered, is  shown  in  Figure  4.  The  fractures  that  connect  these  zones  are 
not  shown.  The  altitude  of  the  water  table  was  determined  from  a nearby 
dug  well,  a nearby  spring,  and  a stream. 

The  openings  along  fractures  and  the  intergranular  openings  produced 
by  weathering  along  fractures  and  bedding  planes  compose  but  a very 
small  fraction  of  the  total  volume  of  rock;  hence,  the  porosity  of  the 
bedrock  is  very  low.  These  openings  serve  primarily  as  conduits  through 
which  water  it  transmitted  from  points  of  recharge  to  points  of  discharge. 

Weathering  processes  have  produced  a minor  increase  in  the  porosity 
of  the  bedrock,  but  in  some  highly  weathered  arkosic  or  subarkosic  sand- 
stones and  conglomerates,  clays  produced  by  the  alteration  of  feldspars 
appear  either  to  have  reduced  the  permeability  of  the  rock  or  to  have 
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Figure  .4  Geologic  section  constructed  from  driller's  logs  of  three  wells  near 

Bainbridge,  Pa.,  showing  stratigraphic  positions  of  water-yielding  0 50  100  feet 
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prevented  any  significant  increase  in  permeability.  Some  wells  penetrate 
several  beds  or  zones  of  soft  weathered  rock  that  yield  little  or  no  water. 
In  other  weathered  feldspathic  rocks,  relatively  high-yielding  zones  oc- 
cur, and  the  permeability  of  these  zones  appear  to  be  related  partly  to 
weathering. 

A few  sandstones  contain  significant  amounts  of  calcium  carbonate 
as  cementing  material.  Calcium  carbonate  is  highly  soluble,  and  its  re- 
moval by  circulating  ground  water  makes  the  sandstones  both  more 
porous  and  more  permeable.  A log  of  well  Ln-265,  which  is  given  in 
Table  6,  shows  that  several  fine-grained  sandstones  penetrated  by  the 
well  are  cemented  with  calcium  carbonate,  and  it  is  possible  that  some 
of  the  yielding  zones  owe  their  permeability  to  the  removal  of  this 
cementing  material. 

Ground  water  occurs  under  water-table  (unconfined)  conditions  in  the 
mantle  and  generally  under  artesian  (confined)  conditions  in  the  bedrock. 
However,  the  unconfined  and  confined  zones  are  intimately  interconnect- 
ed in  one  continuous  hydraulic  system.  The  major  conduits  are  con- 
nected to  each  other  and  to  the  water  table  by  the  extensive  system  of 
joints  that  cut  the  rocks. 

MOVEMENT  OF  WATER 

Ground  water  moves  in  the  direction  of  decreasing  hydraulic  gradient 
from  areas  where  the  water  table  or  artesian  head  is  high  to  areas  where 
it  is  low.  In  the  New  Oxford  Formation  the  flow  pattern  is  essentially 
local  and  is  controlled  largely  by  the  configuration  of  the  land  surface. 
Thus,  most  of  the  water  moves  from  high  topographic  areas  to  nearby 
streams,  where  it  is  discharged.  Some  of  the  water  entering  the  ground 
from  precipitation  may  flow  from  points  of  recharge  to  streams  com- 
pletely within  the  weathered  mantle,  but  much  of  the  water  moves  down- 
ward and  flows  to  streams  through  the  complex  network  of  fractures 
and  weathered  zones  in  the  bedrock.  The  proportion  of  flow  through 
the  mantle  is  determined  by  the  relative  transmissibilities  of  this  material 
and  the  underlying  bedrock.  Where  the  transmissibility  of  the  bedrock 
is  higher  than  that  of  the  mantle,  a greater  portion  of  flow  will  move  to 
points  of  discharge  through  the  bedrock. 

Most  of  the  beds  contain  fractures  through  which  some  water  can 
move,  but  some  beds  of  sandstone  and  conglomerate  contain  much  bet- 
ter developed  fractures  and  weathered  zones  than  others.  The  permea- 
bility of  the  bedrock  as  a whole  is  generally  highest  parallel  to  the  plane 
of  the  bedding  and  lowest  perpendicular  to  the  plane  of  the  bedding. 
The  least  permeable  rocks  are  the  beds  of  siltstones  and  shale,  which 
are  generally  lenticular,  and  although  some  water  may  move  across  these 
beds,  the  bulk  of  water  is  believed  to  flow  around  them  to  areas  where 
they  grade  into  more  permeable  sandstones.  Numerous  permeable  zones 
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encountered  in  wells  at  contacts  with  siltstones  or  shale  may  be  zones 
where  flow  is  being  shunted  around  these  beds. 

Water-level  data  from  wells  indicate  that,  in  most  areas,  ground  water 
discharges  into  streams  that  traverse  the  area.  In  a few  areas,  however, 
water  levels  in  drilled  wells  near  a stream  are  substantially  below  the 
level  of  the  stream,  indicating  that  water  in  the  bedrock  is  not  being 
discharged  into  the  stream  at  these  localities.  The  discharge  is  occur- 
ring either  into  a downstream  reach  of  the  stream  or  into  a larger  stream 
of  the  surface-drainage  system. 

Near  Bainbridge,  for  instance,  water  levels  in  three  drilled  wells 
(Ln-55,  56,  and  57)  near  a small  intermittent  stream  are  below  stream 
level  (Fig.  4)  but  above  the  level  of  the  nearby  Susquehanna  River. 
Ground  water  in  the  bedrock  is  apparently  being  discharged  directly 
into  the  river. 

Movement  of  ground  water  through  the  loosely  consolidated  weather- 
ed mantle  is  probably  less  complex  than  it  is  in  the  consolidated  bed- 
rock. However,  since  the  texture  and  composition  of  the  mantle  are 
determined  partly  by  the  texture  and  composition  of  the  underlying 
bedrock,  directional  variations  in  permeability  probably  occur  in  the 
weathered  mantle  also.  Where  the  mantle  is  derived  from  shale  or  silt- 
stone,  its  permeability  may  be  much  lower  than  where  it  is  derived  from 
sandstone.  Hence,  water  that  cannot  enter  the  bedrock  would  tend  to 
flow  around  or  over  the  less  permeable  material.  In  some  places,  move- 
ment of  ground  water  over  mantle  material  derived  from  siltstone  or 
shale  may  result  in  the  formation  of  a spring.  Springs  occur  also  where 
the  thickness  of  the  weathered  mantle  decreases  sharply. 

RECHARGE 

The  capacity  of  the  New  Oxford  Formation  to  store  water  is  small; 
consequently  water  levels  decline  rapidly  under  pumping  conditions  and 
the  formation  must  be  replenished  frequently  by  recharge  or  the  decline 
soon  becomes  excessive  — even  though  much  of  the  water  pumped  is 
diverted  from  natural  discharge.  Most  of  the  recharge  is  derived  from 
precipitation  that  falls  directly  on  the  formation,  but  a small  amount  is 
derived  from  subsurface  inflow  from  adjacent  formations  that  are  top- 
ographically higher.  Recharge  also  may  be  obtained  from  streamflow  in 
areas  where  pumping  from  a well  or  wells  reverse  the  hydraulic  gra- 
dient and  causes  water  to  flow  from  the  stream  into  the  ground.  Under 
natural  conditions,  however,  streams  generally  serve  as  lines  of  dis- 
charge from  the  ground-water  reservoir. 

Approximately  40  inches  of  precipitation  falls  on  the  project  area  an- 
nually. Of  this  amount,  part  runs  off  directly  to  streams,  part  is  returned 
to  the  atmosphere  by  evaporation  and  transpiration,  and  part  infiltrates 
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to  the  water  table.  The  amount  of  precipitation  that  reaches  the  water 
table  is  affected  greatly  by  evapotranspiration  rates,  but  such  factors  as 
the  moisture-holding  capacity  of  the  soil,  the  infiltration  capacity  of  the 
soil,  the  rate  and  duration  of  precipitation,  the  rate  of  snowmelt,  and 
the  slope  of  the  land  surface  also  exert  important  controls  on  the  amount 
that  becomes  recharge. 

During  the  growing  season  (April  to  October),  evaporation  and  trans- 
piration processes  may  return  to  the  atmosphere  most  of  the  precipita- 
tion that  does  not  run  off  directly  to  streams.  As  a result,  recharge  to 
the  ground-water  reservoir  during  growing  seasons  is  sharply  reduced. 
During  the  nongrowing  season  (November  to  March),  when  evapotrans- 
piration rates  are  low,  most  of  the  rainfall  or  snowmelt  that  does  not 
become  surface  runoff  may  percolate  to  the  water  table. 

The  effect  of  evapotranspiration  on  the  recharge-discharge  regime  of 
the  ground-water  reservoir  is  demonstrated  by  the  hydrograph  shown 
in  Figure  5.  This  hydrograph  is  of  well  Yo-180,  in  the  New  Oxford  For- 
mation in  York  County,  approximately  5 miles  southwest  of  the  western 
end  of  the  project  area.  Although  the  magnitude  of  the  fluctuations  may 
differ,  the  seasonal  pattern  of  water-level  fluctuations  in  this  well  is 
typical  of  those  occurring  in  drilled  wells  throughout  the  New  Oxford 
Formation  in  Pennsylvania.  Declining  water  levels  indicate  that  dis- 
charge from  the  ground-water  reservoir  exceeds  recharge  to  it;  rising 
water  levels  indicate  the  reverse  — that  recharge  exceeds  discharge. 
The  hydrograph  shows  that  the  bulk  of  ground-water  recharge  occurred 
during  the  nongrowing  seasons,  and  that  recharge  during  the  growing 
seasons  was  infrequent  and  generally  small  — despite  the  fact  that  pre- 
cipitation was  fairly  evenly  distributed  throughout  the  period  of  record. 

The  soil  zone  acts  as  a major  barrier  to  ground-water  recharge  during 
the  growing  season.  The  soil  has  the  ability  to  retain  several  inches  of 
water  in  the  form  of  soil  moisture,  and  until  the  soil  becomes  saturated 
no  water  percolates  through  it  to  the  water  table.  The  water-holding 
capacity  of  the  predominantly  sandy  soils  of  the  New  Oxford  Formation 
has  been  estimated  to  be  2 to  6 inches,  depending  on  the  type  and  thick- 
ness of  the  soil  (Carey,  1959,  p.  120-121). 

During  the  growing  season  this  soil  moisture  is  removed  at  such  a 
high  rate  by  plant  transpiration  that  the  soil  is  unsaturated  much  of  the 
time.  Saturation  of  the  soil  and  subsequent  infiltration  of  water  to  the 
water  table  occur  generally  after  periods  of  intense  or  frequent  rainfall. 
The  hydrograph  in  Figure  6 shows,  for  example,  that  most  of  the  re- 
charge during  the  1961  growing  season  followed  a 2-week  period  in 
July  when  rainfall  totaled  more  than  3 inches.  Recharge  occurred  also 
after  a similar  2-week  period  in  September  and  October  of  1962,  during 
which  rainfall  totaled  more  than  4 inches,  but  because  of  a greater 
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Figure  6.  Hydrograph  of  well  affected  by  pumping  from  a nearby  public-supply 
well. 


soil-moisture  deficiency  in  September  and  October  1962  than  existed 
in  July  1961,  a much  smaller  fraction  of  the  precipitation  passed  through 
the  soil  zone.  The  rise  in  water  level  in  1962  was  therefore  only  about 
half  as  much  as  it  was  in  1961. 
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At  the  end  of  many  growing  seasons  soil  moisture  is  so  depleted  that 
several  inches  of  rain  must  fall  before  any  ground-water  recharge  can 
occur.  As  a result,  water  levels  may  continue  to  decline  after  the  end 
of  the  growing  season  even  though  there  has  been  some  precipitation. 
Similarly,  the  rising  trend  of  water  levels  during  the  nongrowing  season 
many  continue  into  the  early  part  of  the  growing  season  if  rainfall  is 
above  average  or  if  evapotranspiration  rates  are  held  in  check  by  cool 
air  temperatures. 

Effects  of  droughts  on  water  levels  — Ground-water  levels  may  decline 
below  normal  growing-season  droughts  because  of  the  complete  or  near- 
ly complete  cessation  of  recharge  from  precipitation.  However,  since 
recharge  is  low  during  the  growing  season  anyway,  such  droughts  gen- 
erally cause  water  levels  to  be  only  slightly  lower  than  normal.  Some 
shallow  dug  wells  and  low-yielding  springs  may  go  dry  near  the  end 
of  a growing  season  having  below-average  precipitation,  but  drilled  wells 
used  for  domestic  and  other  low-requirement  purposes  are  seldom  ad- 
versely affected. 

The  yields  and  pumping  levels  of  heavily  pumped  wells  generally 
decline  more  during  growing  seasons  when  drought  conditions  prevail 
than  during  growing  seasons  when  precipitation  is  normal.  Lower 
ground-water  levels  caused  by  lack  of  recharge  are  partly  the  cause  of 
these  declines,  but  in  many  places  the  declines  are  caused  chiefly  by  the 
increased  pumping  required  to  meet  increased  demands  for  water. 

The  effect  of  successive  growing-season  droughts  on  ground-water 
levels  is  shown  by  the  hydrograph  of  well  Yo-180  in  Figure  5.  Table  1 
shows  that  precipitation  at  York  Haven,  Pa.,  during  the  growing  seasons 
of  1961  through  1964  ranged  from  4.90  to  13.52  inches  (19  to  54  percent) 
below  normal.  The  hydrograph  in  Figure  5,  however,  shows  that  only  a 
small  net  decline  in  the  water  level  occurred  between  1961  and  1964. 
The  maximum  depth  to  water  in  1964  was  less  than  1 foot  greater  than 
the  maximum  depth  recorded  in  1961.  Moreover,  the  highest  level  in  this 
well  during  the  period  of  record  occurred  near  the  beginning  of  the  1964 
growing  season. 

A comparison  of  the  hydrograph  in  Figure  5 with  the  precipitation 
summary  in  Table  1 indicates  that  relatively  large  variations  in  water 
levels  may  occur  during  the  winter  and  spring  months  as  a result  of 
rather  small  variations  in  total  precipitation  during  those  months. 

Effect  of  heavy  pumping  on  water  levels  — The  principal  artesian 
zones  in  the  New  Oxford  Formation  are  discontinuous,  limited  in  areal 
extent,  and  poorly  interconnected  hydraulically.  As  a result,  the  effects 
of  pumping  a well  are  transmitted  rapidly  in  the  area  adjacent  to  the 
well,  but  the  cone  of  influence  expands  very  slowly  away  from  this  area. 
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Table  1.  Departure  from  average  precipitation  at  York  Haven,  Pa., 
during  periods  corresponding  approximately  to  the 
growing  and  nongrowing  seasons,  1961-64. 


Average 
precipi- 
tation Departure  from  average  precipitation 


1931-55 

( inches ) 

Period 

( inches ) 

1961 

1961-62 

1962 

1962-63  1963 

1963-64 

1964 

April  to 

October 

25.27 

-6.87 

-4.90 

-13.52 

-10.32 

November  to 
March 

14.62 

+ 0.25 

-0.41 

+ 2.04 

January  to 
December 

39.89 

-5.76 

-4.65 

-13.87 

-9.89 

Water  levels  in  some  wells  only  a few  hundred  feet  from  a heavily 
pumped  well  may  be  affected  only  slightly,  or  not  at  all,  even  after 
several  years.  Because  of  this  inability  of  wells  to  draw  from  storage  for 
any  appreciable  distance,  large  withdrawals  during  periods  of  low  re- 
charge, as  during  most  growing  seasons,  generally  result  in  considerable 
dewatering  of  the  bedrock  and  weathered  mantle  near  the  well. 

Although  the  yields  of  production  wells  decrease  and  increase  with 
seasonal  ground-water  depletion  and  replenishment,  none  of  the  existing 
production  wells  are  reported  to  be  continuously  decreasing  in  yield, 
and  there  is  no  evidence  of  steadily  declining  water  levels  in  the  vicini- 
ties of  these  wells.  The  fact  that  most  of  the  existing  production  wells 
are  located  near  streams,  from  which  they  induce  recharge,  is  probably 
the  reason  that  continuous  depletion  of  ground-water  storage  has  not 
occurred.  Nevertheless,  annual  recharge  is  apparently  about  in  balance 
with  combined  artificial  and  natural  discharge  in  the  vicinity  of  the 
few  production  wells  that  are  relatively  distant  from  streams,  as  they 
had  shown  no  persistent  declining  trends  at  the  end  of  1964. 

The  magnitude  of  aquifer  dewatering  during  the  growing  season  and 
subsequent  replenishment  during  the  nongrowing  season  in  the  vicinity 
of  a heavily  pumped  production  well  is  illustrated  by  the  hydrograph  of 
well  Ln-266  shown  in  Figure  6.  This  well  is  205  feet  deep  and  is  affected 
by  pumping  from  well  Ln-265,  which  is  705  feet  deep  and  approximately 
400  feet  to  the  west.  Both  wells  are  owned  by  the  Elizabethtown  Water 
Company  and  are  near  a small  stream,  at  the  western  edge  of  Elizabeth- 
town. During  the  summer  and  fall,  upstream  diversion  from  the  stream 
to  a nearby  reservoir  often  reduces  the  streamflow  to  a trickle.  Well 
Ln-265  is  pumped  about  9 hours  daily  throughout  the  year,  the  discharge 
varying  from  an  average  of  about  200  gpm  during  the  winter  and  spring 
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to  an  average  of  about  170  gpm  during  late  summer  and  fall.  The  hydro- 
graph shows  that  the  water  level  in  the  observation  well  declined  more 
than  70  feet,  to  approximately  115  feet  below  land  surface,  during  the 
growing  season  of  1963.  However,  natural  recharge  from  precipitation 
and  induced  recharge  from  the  stream  during  the  winter  and  spring  of 
1963-64  was  so  far  in  excess  of  the  combined  natural  and  artificial  dis- 
charge that  the  water  level  rose  to  within  16  feet  of  the  surface  in  the 
spring  of  1964,  indicating  that  nearly  complete  refilling  of  the  surround- 
ing rocks  had  occurred. 

A comparison  of  this  hydrograph  with  that  of  well  Yo-180  in  Figure 
5 for  the  same  period  of  time  shows  that  the  pattern  of  seasonal  fluctua- 
tions of  water  levels  in  both  wells  is  almost  identical  — the  principal 
difference  being  the  greater  magnitude  of  the  water-level  decline  in 
well  Ln-266,  which  was  caused  by  the  pumping  from  well  Ln-265. 

DISCHARGE 

Ground  water  is  discharged  from  the  New  Oxford  Formation  both 
naturally  and  artificially,  although  artificial  discharge,  which  consists 
chiefly  of  withdrawal  through  wells,  constitutes  only  a small  fraction 
of  the  total  volume  discharged  annually.  Most  of  the  natural  discharge 
occurs  by  movement  of  ground  water  into  streams,  and  springs.  In  addi- 
tion, some  ground  water  is  discharged  into  adjacent  formations,  and 
some  is  discharged  to  the  atmosphere  by  evaporation  and  transpiration. 

The  flow  of  all  perennial  streams  contains  a component  of  ground- 
water  inflow,  and  during  extended  periods  of  dry  weather  the  flow  of 
unregulated  streams  is  sustained  almost  entirely  by  ground-water  inflow. 
The  rate  at  which  ground  water  is  discharged  into  a stream  is  directly 
proportional  to  the  hydraulic  gradient  between  points  of  recharge  and 
points  of  discharge  along  the  stream.  Consequently,  during  the  winter 
and  spring,  when  rising  water  levels  cause  an  increase  in  the  hydraulic 
gradient,  the  discharge  of  ground  water  to  streams  is  greatest. 

Ground-water  discharge  by  evaporation  may  occur  where  the  capil- 
lary fringe  above  the  water  table  extends  to  the  surface,  but  in  most 
areas  underlain  by  the  New  Oxford  Formation,  the  water  table  is  far 
enough  below  land  surface  that  discharge  by  this  means  is  small  or 
nonexistent. 

Discharge  from  the  ground-water  reservoir  by  plant  transpiration 
occurs  in  areas  where  plant  roots  extend  to  the  water  table  or  to  the 
capillary  fringe  overlying  the  water  table.  Throughout  most  of  the 
area  underlain  by  the  New  Oxford  Formation,  the  vegetation  consists 
of  shallow-rooted  crops  and  plants  whose  roots  do  not  extend  to  the 
water  table  or  to  the  capillary  fringe.  Most  of  the  ground-water  dis- 
charge by  transpiration  occurs  in  the  few  wooded  areas  where  tree  roots 
extend  to  the  zone  of  saturation. 
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Very  few  records  are  available  from  which  to  estimate  the  volume 
of  ground-water  discharge  by  wells.  However,  on  the  basis  of  the  data 
available,  it  seems  unlikely  that  pumpage  from  the  New  Oxford  Forma- 
tion in  Lancaster  County  exceeds  1 million  gpd  (gallons  per  day).  Rec- 
ords of  water  sales  by  three  public  distribution  systems,  which  supply 
the  communities  of  Akron,  Elizabethtown,  and  Rheems,  indicate  that 
their  combined  pumpage  from  wells  in  the  New  Oxford  Formation  in 
f962  averaged  about  300,000  gpd.  Pumpage  from  domestic  wells  and 
the  small  number  of  industrial,  institutional,  and  commercial  wells  in 
the  New  Oxford  Formation  probably  did  not  exceed  700,000  gpd. 

Much  of  the  water  pumped  in  areas  not  serviced  by  a public  sewer 
system  is  returned  to  the  ground  by  way  of  septic  tanks  or  cesspools. 
A large  part  of  the  water  discharged  into  septic-tank  drain  fields  is  con- 
sumed by  evaporation  and  transpiration,  but  some  of  it  infiltrates  to  the 
water  table.  During  the  winter  and  spring,  when  evapotranspiration 
losses  are  low,  most  or  all  of  this  water  may  infiltrate  to  the  water  table. 

WELLS 

CONSTRUCTION  METHODS 

Almost  all  the  drilled  wells  in  the  New  Oxford  Formation  have  been 
drilled  either  by  the  cable-tool  method  (also  referred  to  as  “percussion” 
or  “churn-drill”  method)  or  by  the  air-rotary  method.  Prior  to  1958, 
wells  were  drilled  almost  exclusively  by  the  cable-tool  method. 

In  the  cable-tool  method  a string  of  heavy  drilling  tools  with  a 
cutting  bit  at  the  bottom  end  is  suspended  on  the  end  of  a cable  from 
a derrick.  This  string  of  tools  is  lifted  and  dropped  to  produce  a cutting 
or  drilling  action  at  the  bottom  of  the  hole.  The  drill  cuttings  are  re- 
moved periodically  from  the  bottom  of  the  hole  by  a long  cylindrical 
tube  known  as  a bailer.  The  yield  of  the  well  is  measured  periodically 
during  drilling  by  determining  the  number  of  gallons  that  can  be  bailed 
from  the  well  in  a given  period  of  time.  Yields  determined  in  this  man- 
ner are  imprecise,  but  it  is  possible  to  obtain  approximate  measurements 
of  the  drawdown  by  the  method  — thus  providing  a rough  measure  of 
the  specific  capacity  of  the  well.  The  maximum  rate  at  which  a well 
can  be  bailed  depends  on  the  size  of  the  bailer,  the  depth  to  water,  and 
the  skill  of  the  driller.  The  maximum  rates  at  which  wells  in  the  project 
area  have  been  bailed  are  on  the  order  of  25  to  30  gpm. 

Drilling  by  the  air-rotary  method  is  accomplished  by  the  rotation  of 
a string  of  drilling  pipe  to  which  is  attached  a cutting  bit.  As  the  bit  is 
rotated,  compressed  air  is  forced  down  the  inside  of  the  drill  stem,  out 
through  the  bit,  and  back  up  the  hole  between  the  drill  stem  and  the 
borehole  wall.  As  the  air  rises  from  the  bottom  of  the  hole,  drill  cuttings 
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and  water  are  forced  upward  and  are  expelled  onto  the  ground  near  the 
well.  The  rate  at  which  water  is  discharged  from  the  well  can  be  de- 
termined fairly  accurately,  but  since  the  borehole  is  completely  filled 
with  water,  the  drawdown  cannot  be  measured.  The  depth  of  water- 
yielding  zones  penetrated  during  drilling  can  be  determined  by  noting 
the  depth  at  which  abrupt  changes  in  discharge  occur. 

Steel  casing  is  commonly  installed  in  drilled  wells  as  soon  as  the  hole 
has  penetrated  the  first  few  feet  of  solid  bedrock,  unless  additional  cas- 
ing has  been  requested  or  more  casing  is  needed  to  prevent  caving  at 
some  greater  depth.  The  borehole  below  the  casing  is  then  drilled  to  a 
slightly  smaller  diameter.  Casing  depths  in  225  drilled  wells  for  which 
casing  data  are  available  range  from  4 to  180  feet,  but  only  19  percent  of 
the  wells  are  cased  to  depths  of  more  than  50  feet;  the  median  depth  of 
the  casings  is  27  feet.  In  a few  wells  the  annular  space  between  the 
casing  and  the  borehole  has  been  filled  with  cement,  or  with  finely 
ground  limestone,  but  in  most  wells  this  space  has  been  filled  with  drill 
cuttings  from  the  well.  Generally,  the  material  used  to  fill  the  annular 
opening  has  been  added  at  the  top  and  allowed  to  settle  around  the 
casing.  The  most  common  practice  is  to  allow  drill  cuttings  to  wash 
into  the  annular  openings  as  the  well  is  being  drilled. 

DEPTHS 

The  depths  of  377  drilled  wells  for  which  depth  data  are  available 
range  from  27  to  705  feet.  Eighty  percent  of  these  wells  are  between  50 
and  150  feet  in  depth,  and  only  10  percent  exceed  200  feet.  Most  of  the 
depths  were  reported  by  the  well  owner  or  were  obtained  from  the 
driller’s  record. 

The  depths  of  65  dug  wells  for  which  depth  data  are  available  range 
from  7 to  70  feet.  The  median  depth  is  24  feet.  Dug  wells  generally 
penetrate  the  entire  thickness  of  the  weathered  mantle  and  commonly 
bottom  on  the  bedrock  surface. 

YIELDS 

The  reported  yields  (Table  4)  for  most  domestic,  stock,  and  commercial 
wells  are  based  on  brief  tests  made  by  the  driller  at  the  time  the  well 
was  completed.  These  tests  commonly  were  no  more  than  one-half  hour 
long,  and  the  drawdown  during  most  tests  either  could  not  be  determined 
or  was  not  recorded.  Drawdowns  for  a few  wells  tested  by  bailing  are 
given  in  the  remarks  column  of  Table  4.  The  yields  reported  for  public- 
supply  wells  and  for  some  industrial  and  institutional  wells  are  either 
average  long-term  yields  or  are  based  on  pumping  tests  of  several  hours’ 
duration;  they  are  therefore  considered  to  be  representative  of  the 
maximum  yields  obtainable  from  drilled  wells  in  the  New  Oxford  For- 
mation. 
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Yields  of  wells  in  Triassic  sedimentary  rocks  decrease  considerably 
during  extended  periods  of  pumping.  Most  of  the  wells  listed  in  Table 
4 would  probably  decrease  in  yield  by  as  much  as  50  percent  or  more 
under  conditions  of  sustained  pumping  over  a period  of  several  weeks. 
Data  from  production  wells  in  the  New  Oxford  Formation  west  of  the 
project  area  and  from  wells  in  other  Triassic  formations  to  the  east  indi- 
cate that  the  average  long-term  yields  of  these  wells  are  commonly  no 
more  than  one-half  to  one-third  of  the  initial  yields  (Rima,  1955;  Barks- 
dale and  others,  1958;  Wood  and  Johnston,  1964).  Two  wells  (Ln-151  and 
Ln-265)  owned  by  the  Elizabethtown  Water  Co.,  for  example,  were 
initially  tested  at  450  gpm.  The  yield  of  well  Ln-151  now  averages  300 
gpm,  and  that  of  well  Ln-265  averages  about  180  gpm. 

More  than  80  percent  of  the  wells  in  Table  4 are  domestic  wells  or 
wells  used  for  purposes  for  which  a yield  of  about  10  gpm  is  generally 
adequate.  Few  of  these  wells  were  drilled  below  depths  at  which  10  or 
15  gpm  was  obtained;  as  a result,  these  data  do  not  necessarily  indicate 
the  maximum  capacity  of  the  formation  to  yield  water  to  wells.  The 
yields  of  319  wells  for  which  yield  data  were  available  range  from  less 
than  1 gpm  to  330  gpm,  and  the  median  yield  is  12  gpm.  Only  about  8 
percent  of  these  wells  yield  more  than  50  gpm,  and  only  4 to  5 percent 
yield  more  than  100  gpm. 


Relation  of  well  yields  to  stratigraphy  — A comparison  of  the  yields 
of  wells  less  than  300  feet  deep  in  the  New  Oxford  Formation  west  of 
Denver  indicates  that  wells  in  the  upper  (northern)  part  of  the  formation 
yield,  on  the  average,  slightly  more  than  those  in  the  lower  (southern) 
part  of  the  formation.  The  formation  is  divided  roughly  into  an  upper 
and  a lower  half  by  a conglomerate  unit  that  occupies  a central  position 
in  the  formation  throughout  most  of  the  area  west  of  Denver.  The 
median  yield  of  123  wells  in  and  north  of  this  conglomerate  unit  is  about 
14  gpm,  and  the  median  yield  of  86  wells  south  of  the  conglomerate  unit 
is  about  10  gpm.  Moreover,  10  of  123  wells  in  the  upper  half  of  the 
formation  yield  more  than  50  gpm,  and  4 of  these  wells  yield  more  than 
100  gpm,  whereas  only  3 wells  in  the  lower  half  yield  more  than  50  gpm, 
and  none  yields  as  much  as  100  gpm.  A few  other  wells  that  yield  50 
gpm  or  more  are  in  the  upper  part  of  the  formation,  but  these  wells  are 
more  than  300  feet  deep.  As  only  one  well  in  the  lower  part  of  the  for- 
mation is  more  than  300  feet  deep,  wells  deeper  than  this  were  not  used 
in  the  comparison. 

Field  examination  of  several  outcrops  in  the  lower  and  upper  parts 
of  the  formation  revealed  no  marked  lithologic  or  structural  difference 
that  would  explain  the  somewhat  higher  permeability  of  the  upper  part. 
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Relation  of  well  yields  to  topography  — No  well-defined  relationship 
was  found  between  well  yield  and  topographic  position  of  wells.  Most 
of  the  few  high-yielding  wells  are  near  streams,  but  some  are  on  ridges 
and  slopes.  The  ratios  of  yield  to  depth  of  wells  in  the  same  depth 
ranges  (27  to  100,  101  to  200,  and  201  to  300  feet)  were  compared  to  de- 
termine if  the  yield  per  foot  of  well  depth  was  higher  near  streams  than 
in  other  topographic  positions,  but  no  significant  differences  were 
found.  Nevertheless,  stream  valleys  are  generally  more  favorable  sites 
for  production  wells  than  are  hills  and  ridges,  because  a well  near  a per- 
ennial stream  may  obtain  significant  quantities  of  induced  recharge 
from  streamflow.  If  the  hydraulic  connection  between  the  well  and  the 
stream  is  good,  the  recharge  induced  during  periods  when  ground-water 
levels  are  low  will  result  in  smaller  declines  in  yields  and  pumping 
levels  than  commonly  occur  during  these  periods. 

Yields  of  wells  near  diabase  dikes  — A few  higher-than-average  yield- 
ing wells  are  near  the  long,  narrow  diabase  dikes  that  cut  the  New  Ox- 
ford Formation.  Although  evidence  is  meager,  there  are  indications  that 
a narrow  zone  of  permeable  rock  may  exist  in  some  places  along  the 
margins  of  these  dikes.  At  one  of  the  rare  exposures  of  a dike,  in  a rail- 
road cut  at  the  south  edge  of  Elizabethtown,  a baked  zone  a few  feet 
wide  is  strongly  shattered  and  weathered.  The  persistence  of  such  zones 
along  the  margins  of  these  dikes,  some  of  which  are  several  miles  long, 
may  give  rise  to  nearly  vertical  zones  of  considerable  linear  extent  that 
are  capable  of  storing  and  transmitting  relatively  large  volumes  of  water. 
A high-yielding  (up  to  300,000  gpd)  well  (Ln-151)  owned  by  the  Eliza- 
bethtown Water  Co.  is  just  north  of  the  above-mentioned  dike.  The  high 
productivity  of  this  well  may  be  related  in  part  to  the  presence  of  a 
highly  permeable  zone  along  the  dike,  as  the  beds  penetrated  by  the 
well  are  intercepted  by  the  dike  a short  distance  updip  from  the  well. 

Yields  of  wells  near  faults  — Movement  of  rock  masses  along  a fault 
plane  may  produce  a zone  of  intensely  fractured  rock  along  the  fault, 
thereby  giving  rise  to  a linear  zone  of  high  permeability.  Data  on  a few 
wells  near  faults  in  the  New  Oxford  Formation  south  of  Denver  indicate 
that  highly  permeable  zones  do  exist  near  some  faults.  Several  high- 
yielding  wells  are  on  or  near  faults  in  the  New  Oxford  Formation  at  the 
edge  of  the  borough  of  Akron.  Three  of  these  wells  (Ln-219,  221,  and 
222),  are  82,  126,  and  135  feet  deep  and  yield  185,  250,  and  250  gpm. 
Two  other  wells  (Ln-214  and  215),  drilled  about  50  feet  apart  at  a fault 
contact  with  shale  of  Ordovician  age,  also  have  high  yields.  Ln-214, 
which  is  571  feet  deep,  yields  50  gpm;  Ln-215,  which  is  339  feet  deep, 
yields  150  gpm.  Driller’s  logs  indicate  that  both  wells  yield  water  at 
several  depths,  and  both  apparently  penetrate  the  Ordovician  shale.  A 
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driller’s  log  of  Ln-214  indicates  that  this  well  penetrates  about  250  feet 
of  Ordovician  shale  but  that  no  water  enters  in  the  lower  217  feet. 

The  importance  of  fault  zones  as  potential  sites  for  wells  in  the  New 
Oxford  Formation  west  of  Denver  is  not  known,  because  relatively  few 
faults  have  been  mapped  in  that  area. 

Relation  of  well  yield  to  depth  — Although  the  yield  of  deep  wells  in 
the  New  Oxford  Formation  is  generally  greater  than  that  of  shallow 
wells,  no  consistent  relationship  exists  between  yield  and  depth.  Some 
wells  as  deep  as  300  feet  may  yield  less  than  5 gpm;  others  drilled  to 
depths  of  less  than  100  feet  may  yield  50  gpm  or  more.  Moroeover,  con- 
siderable variation  in  yield  may  occur  in  closely  spaced  wells  of  similar 
depth  that  penetrate  the  same  sequence  of  beds.  For  example,  well 
Ln-55,  which  is  182  feet  deep,  yields  100  gpm,  whereas  well  Ln-56, 
drilled  90  feet  away  to  a depth  of  222  feet,  yields  only  35  gpm.  Both 
wells  are  6 inches  in  diameter  and  penetrate  nearly  the  same  strata 
(see  Fig.  4). 

The  frequency  of  yields  that  can  be  expected  from  wells  drilled  to  a 
given  range  of  depth  is  indicated  by  Figure  7.  The  frequency  curve  for 
wells  100  feet  or  less  in  depth  shows,  for  example,  that  47  percent  of 
the  wells  drilled  within  this  depth  range  can  be  expected  to  yield  10 
gpm  or  less,  and  that  90  percent  can  be  expected  to  yield  30  gpm  or  less. 

The  lower  three  curves  on  Figure  7,  which  are  probably  more  repre- 
sentative of  the  formation  as  a whole  than  the  uppermost  curve,  show 
that  yields  generally  will  increase  slightly  to  moderately  as  the  depth 
increases  within  the  ranges  shown.  For  example,  10  percent  of  the  wells 
27  to  100  feet  deep  yield  more  than  30  gpm,  whereas  25  percent  of  the 
wells  201  to  300  feet  deep  yield  more  than  30  gpm. 

The  frequency  curve  showing  the  percentage  distribution  of  yields 
in  wells  deeper  than  300  feet  is  based  on  a rather  small  sample  of  wells, 
most  of  which  are  large-diameter  wells  in  the  upper  (northern)  half  of 
the  New  Oxford  Formation  in  or  near  Elizabethtown.  The  locations  of 
a few  of  these  deep  wells  were  established  on  the  basis  of  recommenda- 
tions made  by  professional  geologists.  The  curve  may  be  used  as  an  in- 
dication of  the  probability  of  yields  that  can  be  expected  from  properly 
located  large-diameter  wells  drilled  to  depths  of  more  than  300  feet, 
but  whether  the  curve  should  apply  to  the  entire  formation  is  uncertain. 
Few  wells  deeper  than  300  feet  have  been  drilled  in  many  parts  of  the 
formation.  However,  since  there  appears  to  be  no  significant  areal  dif- 
ferences in  permeability  at  shallow  depths,  the  percentage  distribution 
of  yields  of  wells  deeper  than  300  feet  probably  would  be  about  the 
same  throughout  the  formation. 


Reported  yield,  in  gallons  per  minute 
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The  graph  indicates  that  about  50  percent  of  the  wells  drilled  deeper 
than  300  feet  can  be  expected  to  yield  fOO  gpm  or  more.  This  percent- 
age is  probably  much  too  high  for  wells  located  at  random  within  the 


Percent  of  wells  that  yield  as  much  as  or  less  than  that  shown 

Figure  7.  Cumulative-frequency  graph  of  well  yields  within  a given  range  in 
depth. 
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formation,  and  it  may  be  a little  high  even  for  wells  located  with  the 
aid  of  professional  advice.  Nevertheless,  the  chances  of  obtaining  good 
wells  in  the  New  Oxford  appear  to  be  best  if  the  wells  are  drilled  deeper 
than  300  feet. 

The  specific  depth  at  which  wells  can  be  expected  to  obtain  signi- 
ficant quantities  of  water  is  not  known.  Water  is  reported  to  enter  three 
wells  at  depths  below  300  feet,  and  in  the  deepest  known  well  (Ln-265) 
in  the  formation  one  or  more  high-yielding  zones  were  penetrated  be- 
tween depths  of  500  and  705  feet.  After  this  well  was  drilled  to  a depth 
of  500  feet,  it  was  pumped  for  8 hours  at  187  gpm;  the  drawdown  was 
about  190  feet.  After  being  deepened  to  705  feet,  the  well  was  tested 
for  8 hours  at  450  gpm,  and  the  drawdown  was  about  155  feet.  Hence, 
the  specific  capacity  of  this  well  was  nearly  tripled  by  deepening  the 
well  from  500  to  705  feet.  Although  it  is  possible  to  obtain  water  below 
500  feet  elsewhere  in  the  formation,  it  may  be  advisable  to  drill  another 
well  into  a different  sequence  of  rock  rather  than  to  continue  drilling 
a well  below  500  feet. 


SPECIFIC  CAPACITY 

Specific  capacity,  the  yield  per  unit  of  drawdown  in  a well,  is  useful 
for  comparing  the  relative  yielding  abilities  of  wells  of  different  depths 
or  diameters  and  of  wells  in  different  topographic  or  geological  settings. 
Specific  capacities  of  wells  pumped  at  the  same  rates  for  the  same 
lengths  of  time  — especially  if  the  wells  are  of  similar  depth  and  diam- 
eter — may  be  used  also  to  detect  differences  in  transmissibility  of  dif- 
ferent parts  of  an  aquifer  or  between  different  aquifers. 

The  specific  capacities  of  36  wells  in  the  New  Oxford  Formation  are 
listed  in  Table  3.  Analysis  of  these  data  shows  no  significant  relation- 
ships between  specific  capacity  and  the  topographic  and  stratigraphic 
positions  of  wells.  The  specific  capacity  of  a well  generally  increases  as 
the  well  is  deepened,  but  there  is  no  well-defined  relationship  between 
specific  capacity  and  well  depth.  Significantly  different  specific  capaci- 
ties were  determined  for  closely  spaced  wells  of  about  the  same  depth 
and  diameter,  and  some  of  the  lowest  specific  capacities  were  those  of 
deep  wells.  Some  of  the  highest  specific  capacities  given  in  Table  3 are 
of  wells  located  on  faults  east  of  Akron  (see  wells  Ln-215,  219,  221,  and 
222).  The  data  from  these  wells  indicate  that  the  transmissibility  of  the 
formation  near  these  structures  is  high  relative  to  other  parts  of  the  for- 
mation. Measurements  made  in  a few  wells  at  different  rates  and  dura- 
tions of  pumping  indicate  that  specific  capacities  may  decrease  signifi- 
cantly if  the  rate  and  time  of  pumping  are  increased. 

Specific  capacities  of  wells  in  the  New  Oxford  Formation  are  general- 
ly low,  indicating  that  the  transmissibility  of  the  formation  as  a whole 
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is  also  low.  The  specific  capacities  of  26  of  the  wells  listed  in  Table  3 
were  determined  from  1-hour  tests  at  rates  of  4 to  27  gpm,  in  order  to 
minimize  the  effects  of  time  and  rate  of  pumping.  All  but  4 of  these 
wells  are  6 inches  in  diameter.  The  specific  capacities  determined  from 
these  tests  range  from  0.2  to  57.6  — but  the  median  value  is  only  0.7, 
and  only  5 wells  had  specific  capacities  greater  than  3.0.  At  higher 
rates  of  discharge,  or  after  longer  periods  of  pumping,  the  specific  ca- 
pacities of  most  of  these  wells  would  be  considerably  lower.  Well  Ln-222, 
for  example,  had  a specific  capacity  of  57.6  at  the  end  of  1 hour  of 
pumping  at  24.2  gpm,  but  at  the  end  of  72  hours  of  pumping  at  250  gpm 
the  specific  capacity  was  only  13.9. 

The  specific  capacities  of  13  of  the  wells  in  Table  3 were  determined 
from  tests  of  several  hours’  duration,  at  rates  ranging  from  50  to  450  gpm. 
They  range  from  0.2  to  13.9,  and  the  median  is  1.2.  However,  if  data 
from  4 wells  (Ln-214,  215,  219,  and  222)  on  faults  are  excluded,  the  range 
is  from  0.6  to  3.4,  and  the  median  is  the  same.  If  the  specific  capacities 
of  most  wells  in  the  New  Oxford  Formation  were  determined  from  tests 
of  several  hours’  duration  and  at  high  pumping  rates,  they  probably 
would  not  exceed  3 gpm  per  foot  of  drawdown. 

The  specific  capacity  of  a well  drilled  in  the  New  Oxford  Formation 
increases  as  each  new  water-yielding  zone  is  penetrated.  It  is  possible, 
therefore,  to  confirm  the  presence  or  absence  of  water-yielding  zones, 
and  to  determine  the  relative  increases  in  yield  supplied  by  different 
zones,  by  measuring  the  specific  capacity  of  a well  at  different  times 
as  it  is  being  deepened.  In  most  instances  satisfactory  results  may  be 
obtained  with  a submersible  pump  powered  by  a small  portable  genera- 
tor and  capable  of  discharging  20  to  50  gpm.  Tests  at  each  depth  should 
be  made  at  approximately  the  same  rate  of  discharge  for  the  same  period 
of  time  (preferably  1 hour  or  more),  and  the  water  level  should  be  at  or 
near  static  level  prior  to  the  start  of  each  test.  Measurements  of  the 
drawdown  and  discharge  rate  should  be  made  as  precisely  as  possible. 

Pumping  levels  commonly  drop  below  yielding  zones  in  wells  in  the 
New  Oxford  Formation,  even  at  moderate  rates  of  discharge.  When  this 
occurs,  the  specific  capacity  of  the  well  decreases.  Once  the  pumping 
level  goes  below  a yielding  zone,  the  zone  becomes  free  flowing,  and 
any  further  increase  in  the  drawdown  causes  an  increase  in  yield  from 
lower  zones  only.  Because  of  this  relationship,  the  specific  capacity  of 
a well  determined  at  a single  rate  of  discharge  generally  cannot  be  used 
to  evaluate  the  performance  of  a well  at  different  rates  of  discharge. 
The  specific  capacity  of  well  Ln-88,  as  determined  from  a 1-hour  test 
at  52  gpm,  was  1.4  when  the  pumping  level  was  above  the  two  principal 
yielding  zones.  The  specific  capacity  of  the  well  determined  from  a 1- 
hour  test  at  78  gpm  was  0.9  when  the  pumping  level  was  below  the  upper 
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yielding  zone.  The  lower  specific  capacity  at  the  deeper  pumping  level 
can  be  attributed  partly  to  the  fact  that  the  pumping  level  was  below 
a yielding  zone,  but  it  may  also  be  partly  due  to  greater  well  loss  at  the 
higher  pumping  rate. 

Effect  of  well  loss  on  specific  capacity  — The  drawdown  in  a pumped 
well  includes  drawdown  due  to  well  loss  as  well  as  drawdown  due  to 
aquifer  loss,  although  the  former  may  be  negligible  at  low  rates  of  dis- 
charge. Well  loss  is  the  loss  in  head  that  occurs  as  water  enters  a well 
and  flows  to  the  pump  intake.  Aquifer  loss  is  the  loss  in  head  that  re- 
. suits  from  the  laminar  flow  of  water  through  the  formation  toward  the 
well.  The  sum  of  these  two  components  of  drawdown,  sw,  in  a well 
tapping  a single,  confined  aquifer  of  uniform  thickness  and  large  areal 
extent,  having  constant  coefficients  of  transmissibility  and  storage,  may 
be  represented  by  the  following  equation  (Jacob,  1950,  p.  372): 

(Aquifer  loss)  (Well  loss) 

sw  = 2.30Q  Jo<r  2.25Tt  + CQ" 

4ttT  °a  r2w  S (1) 

where 

T and  S are  the  coefficients  of  transmissibility  and  storage  as  pre- 
viously defined; 

Q is  the  rate  of  discharge; 

t is  the  time  since  pumping  began; 

r„-  is  the  radius  of  the  well; 

C is  a constant  governed  by  the  radius,  construction,  and  condition 
of  the  well; 

and 

n is  a constant  greater  than  1 with  a theoretical  upper  limit  of  2. 

Examination  of  equation  1,  for  determining  specific  gravity, 
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shows  that  specific  capacity  decreases  as  the  discharge  increases.  How- 
ever, since  well  loss  may  be  very  small  at  low  rates  of  discharge,  the 
change  in  specific  capacity  due  to  changes  in  low  rates  of  discharge 
also  may  be  very  small.  Further  examination  of  equation  2 shows  that 
specific  capacity  decreases  as  time  increases  (assuming  constant  dis- 
charge and  no  recharge),  because  that  part  of  the  drawdown  due  to 
aquifer  loss  increases  as  time  increases.  The  importance  of  stating  both 
the  rate  and  the  duration  of  discharge  of  a test  for  specific  capacity  is 
readily  apparent. 
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Because  well  loss  is  related  to  well  radius,  the  effect  that  enlarging 
the  diameter  of  the  well  may  have  in  reducing  this  loss  is  discussed  in 
the  following  paragraphs. 

The  rate  of  discharge,  Q,  of  a well  may  be  shown  as 

Q = A V,  (3) 

where  A is  the  cross-sectional  area  of  the  openings  through  which  flow 
occurs  and  V is  the  velocity  of  flow.  In  a well  of  given  size,  therefore, 
the  magnitude  of  well  loss  (CQn)  is  determined  by  the  velocity  of  the 
flow  into  and  within  the  well,  because  so  long  as  the  water  level  remains 
above  the  yielding  zones  the  area  of  entry  into  the  well  and  the  cross- 
sectional  area  of  the  well  itself  remain  constant.  Apparently,  well  loss 
may  be  reduced  by  reducing  the  velocity  of  flow  into  and  within  the 
well.  This  can  be  done  by  increasing  the  size  of  the  well.  Rewriting 
equation  3 

Q 

v = — , 

A 

it  can  be  seen  that  for  any  given  discharge  the  velocity  of  flow  is  in- 
versely proportional  to  the  cross-sectional  area  of  the  opening  through 
which  flow  occurs.  Todd  (1959,  p.  109)  discusses  this  relationship  as 
follows:  “It  is  apparent  that  well  losses  can  be  minimized  by  keeping 
velocities  into  and  within  wells  to  a minimum.  In  this  connection  the  re- 
lation between  well  discharge  and  well  size  should  be  noted”  * * *. 
“Doubling  the  well  radius  doubles  the  intake  area,  reduces  entrance 
velocities  to  about  half,  and  (if  n=2)  cuts  the  frictional  loss  to  less  than 
a third.  For  axial  flow  within  the  well,  the  area  increases  four  times, 
reducing  this  loss  to  an  even  greater  extent.” 

Well  loss  is  believed  to  cause  a substantial  part  of  the  drawdown,  at 
moderate  rates  of  discharge,  in  some  small  (6-inch-diameter)  wells  in  the 
New  Oxford  Formation.  In  addition,  well  loss  probably  is  significant  in 
larger  wells  at  high  rates  of  discharge. 

An  attempt  was  made  to  measure  the  well  loss  in  a 6-inch  well  (Ln-88) 
by  analyzing  data  from  a step-drawdown  pumping  test  according  to 
methods  outlined  by  Jacob  (1947)  and  Rorabaugh  (1953).  Both  methods 
gave  anomalous  results,  apparently  because  the  hydraulic  characteristics 
of  the  New  Oxford  Formation  differ  so  greatly  from  those  of  the  assumed 
ideal  aquifer  to  which  the  methods  apply.  Nevertheless,  Figure  8 shows 
that  a marked  decrease  in  the  specific  capacity  occurs  as  the  rate  of 
discharge  from  well  Ln-88  increases,  and  a sizable  part  of  the  decrease 
appears  to  be  caused  by  well  loss. 

All  but  one  of  the  discharge-drawdown  plots  in  Figure  8 were  deter- 
mined for  pumping  periods  of  1 hour,  starting  at  zero  drawdown.  The 
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Figure  8.  Graph  showing  the  decrease  in  specific  capacity  (yield  per  foot  of 
drawdown)  of  well  Ln-88  as  discharge  increases. 


specific  capacity  at  86  gpm  was  determined  (after  pumping  had  pro- 
ceeded for  7 hours)  from  the  second  step  of  a step-drawdown  pumping 
test.  The  pumping  levels  at  discharges  of  14,  23,  and  52  gpm  were 
above  both  yielding  zones;  at  discharges  of  78  and  88  gpm  the  pumping 
level  dropped  below  the  upper  yielding  zone.  Although  the  decrease 
in  specific  capacity  at  the  two  higher  rates  of  discharge  can  be  explained 
partly  by  the  fact  that  the  pumping  levels  at  these  rates  were  below  one 
of  the  yielding  zones,  the  decrease  in  specific  capacity  between  the  dis- 
charges of  23  and  52  gpm  cannot.  It  would  appear  that  about  one-fourth 
of  the  drawdown  at  52  gpm  was  due  to  well  loss,  and  very  probably  an 
even  higher  fraction  of  the  drawdown  at  higher  discharge  rates  is  due 
to  well  loss. 
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A specific-capacity  graph  plotted  from  data  obtained  from  tests  of 
equal  duration  at  different  rates  of  discharge  could  be  used  to  detect 
well  loss  in  other  wells  in  fractured  rocks.  If  the  data  from  three  or 
more  tests  plot  as  a straight  line  (that  is,  if  the  decrease  in  specific 
capacity  as  the  discharge  increases  is  slight),  well  loss  within  that  range 
of  discharge  may  be  considered  negligible.  However,  if  the  data  should 
plot  as  a curve  that  departs  significantly  from  a straight  line,  well  loss 
may  be  considered  to  cause  a substantial  part  of  the  drawdown  — pro- 
vided that  the  pumping  levels  have  not  dropped  below  a yielding  zone. 
If  the  data  from  several  tests  plot  as  a straight  line  at  low  discharges 
but  depart  from  the  straight-line  trend  at  higher  rates  of  discharge,  the 
departure  from  the  straight-line  trend  at  any  given  discharge  will  be  an 
approximate  measure  of  drawdown  caused  by  well  loss. 

If  most  of  the  well  loss  results  from  high  entrance  velocities,  well- 
development  techniques  such  as  surging  may  cause  the  yielding  zone  or 
zones  to  become  enlarged  near  the  well,  thus  achieving  the  same  effect 
as  would  be  produced  by  increasing  the  diameter  of  the  well  by  drilling. 
However,  if  the  yielding  zone  is  a thin  fracture  from  which  little  or  no 
material  can  be  removed  by  well  development,  increasing  the  diameter 
of  the  well  may  be  the  only  means  of  reducing  well  loss. 


QUALSTY  OF  WATER 

Dissolved  mineral  matter  in  ground  water  is  derived  chiefly  from  the 
soils  and  rocks  through  which  the  water  moves.  The  type  and  amount 
of  dissolved  material  in  the  water  are  related  to  such  factors  as  the 
mineral  composition  of  the  soils  and  rocks  with  which  the  water  has  been 
in  contact,  the  length  of  time  of  contact,  the  solvent  power  of  the  water, 
and  the  temperature  and  pressure  of  the  environment  in  which  the  water 
occurs.  In  addition,  human  activities  such  as  the  discharge  of  sewage 
into  septic  tanks  or  cesspools,  the  spreading  of  fertilizers  and  insecti- 
cides on  croplands,  and  the  burial  of  refuse  in  sanitary  landfills  may 
greatly  affect  the  type  and  amount  of  dissolved  matter  that  occurs  in 
ground  water. 

The  evaluation  of  the  quality  of  ground  water  in  the  New  Oxford 
Formation  presented  in  the  following  pages  is  based  on  a study  of 
chemical  analyses  of  water  from  25  drilled  wells,  1 dug  well,  and  1 
spring.  An  analysis  was  made  also  of  ground  water  from  1 well  in  the 
Gettysburg  Formation.  Field  measurements  of  specific  conductance  and 
hardness  were  made  at  approximately  350  wells  and  springs;  the  pH  was 
determined  at  170,  and  temperature  measurements  were  made  at  85. 
Results  of  the  chemical  analyses,  which  were  made  by  the  U.  S.  Geo- 
logical Survey,  are  given  in  Table  5.  Field  determination  of  water  quality 
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are  given  together  with  well  data  in  Table  4.  The  chemical  analyses 
include  determinations  of  all  the  major  ionic  constituents  that  normally 
occur  in  ground  water.  Also  included  in  24  of  the  analyses  are  deter- 
minations of  the  content  of  alkyl  benzene  sulfonate  (ABS),  a principal 
ingredient  in  modern  household  detergents. 

No  attempt  was  made  to  evaluate  the  sanitary  quality  of  the  water. 
It  should  not  be  assumed,  however,  that  water  of  satisfactory  chemical 
quality  is  also  of  satisfactory  bacterial  quality.  One  well  that  yielded 
water  of  good  chemical  quality  was  later  reported  by  the  owner  to  have 
been  tested  and  found  bacterially  contaminated. 

Ground  water  from  the  New  Oxford  Formation  is  of  good  chemical 
quality  except  where  locally  contaminated.  The  water  contains  low  to 
moderate  amounts  of  dissolved  mineral  matter  and,  with  the  exception 
of  some  water  that  may  require  treatment  for  hardness,  generally  is 
satisfactory  for  most  purposes.  Several  wells  were  reported  to  be  con- 
taminated as  a result  of  human  activities,  but  in  most  instances  the 
source  of  contamination  is  within  100  to  200  feet  of  the  well  or  spring 
affected.  The  contaminants  include  bacteria,  nitrate,  iron,  manganese, 
juices  from  silos,  gasoline,  and  fuel  oil.  The  most  common  source  of 
nitrate  and  bacterial  contaminants  are  effluents  from  septic  tanks,  cess- 
pools, or  cattle  pens.  The  only  known  instance  of  ground-water  contam- 
ination by  iron  and  manganese,  as  a result  of  man’s  activities,  is  in  the 
vicinity  of  sanitary  landfill  where  these  two  constituents  were  appar- 
ently leached  from  the  buried  refuse.  Gasoline  and  fuel-oil  contamina- 
tion of  ground  water  has  occurred  as  a result  of  leaks  in  domestic,  farm, 
and  commercial  storage  tanks  and,  in  one  instance,  from  a leak  in  a fuel 
transmission  line. 

Ground  water  in  the  New  Oxford  Formation  is  chiefly  of  the  calcium 
bicarbonate  type.  However,  several  samples  collected  from  wells  that 
are  near  septic  tanks  or  cesspools  have  an  anion  composition  dominated 
by  sulfate,  chloride,  and  nitrate.  The  chemical  character  of  the  water 
has  probably  been  altered  by  the  addition  of  nitrate,  chloride,  and  pos- 
sibly some  sulfate  derived  from  the  decomposition  of  organic  wastes. 
The  chemical  character  of  27  ground-water  samples  may  be  compared 
on  the  water-analysis  diagram  in  Figure  9.  Each  point  in  the  diamond- 
shaped field  of  the  figure  represents  a single  chemical  analysis.  The 
position  of  these  points  was  determined  by  first  plotting  the  percent 
emp  (equivalents  per  million)  of  the  cations  and  anions  of  each  sample 
in  the  small  triangles  in  the  lower  part  of  the  figure.  The  cation  and 
anion  plots  were  then  extrapolated  to  the  diamond-shaped  field  to  form 
a single  point  representing  the  composition  of  the  entire  sample.  The 
analyses  are  segregated  into  two  groups  — those  obtained  from  wells 
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Figure  9.  Water-analysis  diagram  showing  variations  in  chemical  composition  of 
ground  water  from  the  New  Oxford  Formation. 


that  are  within  150  feet  of  a known  source  of  organic  contamination  and 
those  that  are  at  greater  distances  from  a known  source  of  organic  con- 
tamination. Figure  9 shows  that  only  the  water  from  wells  near  a known 
source  of  organic  contamination  has  an  anion  composition  dominated  by 
sulfate,  chloride,  and  nitrate,  and  that  all  the  wells  distant  from  a source 
of  organic  contamination  yield  water  of  the  calcium  bicarbonate  type. 
The  several  wells  that  are  near  septic  tank  drain  fields  or  cesspools,  and 
that  also  yield  calcium  bicarbonate  water,  are  apparently  so  constructed 
or  so  situated  that  little  or  no  waste  water  reaches  the  well. 

One  of  the  wells  (Ln-114)  that  yielded  water  of  the  sulfate-chloride- 
nitrate  type  was  subsequently  reported  by  the  owner  to  be  bacterially 
contaminated.  Plot  number  27  represents  a sample  from  a drilled  well  in 
the  unsewered  community  of  Hopeland.  This  well  is  100  feet  deep  and 
is  cased  to  76  feet.  The  owner  reported  that  analysis  had  shown  no 
evidence  of  bacterial  contamination  of  the  water.  Nevertheless,  the 
high-nitrate  content  of  the  water  (85  ppm)  indicates  that  the  chemical 
character  of  the  water  is  strongly  affected  by  the  large  volume  of  sewage 
discharged  into  the  ground  from  several  nearby  homes. 
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The  fact  that  the  character  of  the  water  from  some  wells  has  been 
altered  by  the  addition  of  chemical  substances  derived  from  sewage  or 
some  other  source  of  contamination  does  not  necessarily  mean  that  the 
water  has  been  rendered  unfit  for  use  so  far  as  its  chemical  composition 
is  concerned;  the  concentration  of  substances  added  to  the  water  may 
be  well  under  the  limits  established  for  its  intended  use.  It  is  true  that 
domination  of  the  anion  composition  by  sulfate,  chloride,  and  nitrate 
may  indicate  bacterial  contamination.  However,  chemical  contaminants 
travel  greater  distances  and  persist  for  longer  periods  of  time  than  do 
bacterial  contaminants;  hence,  a well  may  yield  water  high  in  nitrate  or 
some  other  sewage-derived  chemical  constituent  without  being  bacter- 
ially  contaminated. 

The  minimum,  median,  and  maximum  concentrations  of  constituents 
present  in  26  ground-water  samples  from  the  New  Oxford  Formation 
are  summarized  in  Table  2.  Data  from  an  analysis  of  water  from  a spring 
(Ln-115)  contaminated  by  sanitary  landfill  were  not  used  in  this  sum- 
mary. Included  in  the  table  are  the  recommended  maximum  limits  for 
selected  constituents  in  drinking  water.  These  limits,  established  by  the 
U.  S.  Public  Health  Service  (1962),  should  not  be  exceeded  unless  other 
more  suitable  supplies  are  not  or  cannot  be  made  available. 

Nitrate  is  a common  but  generally  minor  constituent  in  most  ground 
water  and  usually  occurs  in  concentrations  of  less  than  10  ppm.  The 
presence  of  nitrate  in  amounts  greater  than  this  is  often  related  to 
human  activities.  Much  of  the  nitrate  contained  in  the  samples  ana- 
lyzed for  this  investigation  is  believed  to  have  come  from  sewage  dis- 
charged into  septic  tanks  or  cesspools  near  the  well  sampled,  from  ferti- 
lizers spread  on  croplands,  or  from  a combination  of  these  sources. 
Only  7 of  27  samples  analyzed  contained  less  than  10  ppm  nitrate;  the 
median  concentration  of  nitrate  was  21  ppm.  In  areas  where  ground- 
water  quality  is  unaffected  by  human  activities,  much  of  the  nitrate  is 
derived  from  the  oxidation  of  nitrogen  present  in  plant  debris.  Another 
common  source  of  naturally  occurring  nitrate  is  a group  of  plants  known 
as  legumes  which,  through  bacteria  on  nodules  on  their  roots,  are  able 
to  take  nitrogen  from  the  air  and  fix  it  in  the  soil.  These  plants  return 
more  nitrogen  to  the  soil  than  they  take  from  it. 

Many  wells  in  unsewered  communities  where  homes  are  closely 
spaced  almost  certainly  yield  water  containing  nitrate  derived  from 
sewage  discharged  into  the  ground.  Well  Ln-492,  for  example,  is  in  the 
small  but  congested  and  unsewered  community  of  Hopeland.  The  sample 
from  the  well  contained  84  ppm  nitrate,  an  above-average  chloride  con- 
centration of  32  ppm,  and  an  ABS  content  of  0.18  ppm.  The  high  con- 
tent of  nitrate  and  chloride,  both  of  which  are  major  components  of 
sewage,  together  with  significant  amounts  of  ABS  indicate  rather  clearly 
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Table  2.  Summary  of  chemical  quality  of  ground  water  from  the 
New  Oxford  Formation  together  with  recommended  limits 
for  certain  constituents  in  drinking  water. 


Constituent 

Concentration  in  ppm  except  specific  conductance  and  pH 
(26  samples) 

Maximum  concentration 
recommended  for 

Minimum  Median  Maximum  drinking  watera 

Silica  ( SiOo  ) 

5.2 

16 

28 

Iron  (Fe) 

.00 

.08 

.39 

0.3 

Manganese  ( Mn ) 

.00 

.01 

.24 

.05 

Calcium  ( Ca ) 

6.0 

45 

90 

Magnesium  (Mg) 

2.7 

7.6 

18 

Sodium  (Na) 

.8 

9.5 

16 

Potassium  ( K ) 

.0 

1.1 

5 

Bicarbonate  ( HCO3  ) 

18 

128 

268 

Sulfate  ( SO4  ) 

4.0 

22 

67 

250 

Chloride  ( Cl ) 

2.1 

9.0 

32 

250 

Nitrate  (NO3) 

1.6 

22 

84 

45 

Fluoride  ( F ) 

.0 

.0 

.1 

(b) 

Alkyl  benzene 
sulfonate  (ABS)C 

0.00 

0.02 

0.28 

0.5 

Total  dissolved 
solids  (sum) 

56 

198 

360 

500 

Ca-Mg 

hardness  as  CaCC>3 

26 

139 

274 

Noncarbonate 

hardness  as  CaCOs 

1 

41 

124 

Specific  conductance 
(micromhos/cm  at 
25°C) 

75 

332 

584 

pH 

5.8 

7.3 

7.8 

a U.  S.  Public  Health  Service  (1962). 

b Recommended  limits  for  fluoride  vary  according  to  the  annual  average  of  maximum 
daily  air  temperatures.  Recommended  upper  limits  range  from  1.7  ppm  in  areas 
where  the  average  maximum  air  temperature  ranges  between  50°  and  53.7 °F  to 
0.8  ppm  in  areas  where  it  ranges  between  79.3°  and  90.5°F. 
c 23  samples. 


that  sewage  is  a principal  source  of  the  nitrate.  A similar  relationship 
can  be  shown  for  well  Ln-342,  a shallow,  uncased,  dug  well  in  Master- 
sonville.  The  sample  from  this  well  contained  73  ppm  nitrate,  18  ppm 
chloride,  and  0.18  ppm  ABS.  The  fact  that  several  wells  in  the  formation 
are  bacterially  contaminated  is  a further  indication  that  sewage  is  a 
source  of  the  nitrate  in  their  water. 

Inasmuch  as  the  project  area  is  mostly  farmland,  significant  quantities 
of  nitrate  in  the  ground  water  probably  come  from  the  organic  and  in- 
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organic  fertilizers  added  to  the  intensively  cultivated  croplands.  Most 
of  the  nitrate  content  of  26  ppm  in  the  sample  from  well  Ln-274,  for 
example,  may  have  come  from  fertilizers.  This  well  is  on  a hilltop  in 
the  middle  of  a cultivated  field  northwest  of  Terre  Hill  and  is  about 
600  feet  upslope  from  the  nearest  source  of  sewage. 

Serious  and  occasionally  fatal  poisonings  of  infants  in  the  United 
States  and  in  other  countries  have  followed  ingestion  of  well  waters 
containing  large  quantities  of  nitrate.  Nitrate  poisoning  is  apparently 
confined  to  infants  during  their  first  few  months  of  life,  as  adults  drink- 
ing the  same  water  are  not  affected.  However,  breast-fed  infants  of 
mothers  drinking  such  water  may  be  poisoned  (U.  S.  Public  Health  Serv- 
ice, 1962,  p.  48).  The  limit  recommended  by  the  U.  S.  Public  Health 
Service  for  nitrate  in  drinking  water  is  45  ppm.  Two  of  the  samples 
analyzed  for  this  study  exceeded  this  limit,  and  both  were  from  wells 
in  areas  of  closely  spaced  homes  serviced  by  septic  tanks  and  cesspools. 
Many  wells  in  such  communities  probably  yield  water  containing  ex- 
cessive amounts  of  nitrate. 

Alkyl  benzene  sulfonate  (ABS)  is  a synthetic  organic  chemical  used 
in  household  detergents.  The  presence  of  ABS  in  well  water  indicates 
that  the  water  contains  sewage-derived  chemicals  and  may  indicate  that 
the  supply  is  bacterially  contaminated.  The  presence  of  small  amounts 
of  ABS  in  drinking  water  causes  no  toxic  effects  in  humans,  but  concen- 
trations of  more  than  0.5  ppm  may  cause  an  undesirable  taste  and  foam- 
ing. Several  of  the  wells  sampled  contained  significant  amounts  of  ABS, 
but  none  contained  more  than  the  0.5  ppm  limit  recommended  for 
drinking  water. 

Iron  and  manganese,  which  resemble  each  other  in  chemical  behavior 
are  generally  present  in  ground  water  in  small  amounts.  Even  in  trace 
amounts,  however,  these  constituents  have  a considerable  effect  on  the 
utility  of  the  water.  Individual  or  combined  concentrations  of  iron 
and  manganese  in  excess  of  0.3  ppm  cause  stains  on  plumbing  fixtures, 
cooking  utensils,  and  laundry;  concentrations  greater  than  1 ppm  may 
cause  clogging  of  pumps,  water-distribution  systems,  and  plumbing 
fixtures. 

Naturally  occurring  iron  and  manganese  do  not  appear  to  be  present 
in  objectionable  amounts  in  ground  water  throughout  most  of  the  area 
underlain  by  the  New  Oxford  Formation.  Only  one  of  the  samples  of 
well  water  contained  more  than  0.3  ppm.  A sample  of  water  obtained 
from  a spring  (Ln-115)  contaminated  by  a refuse  burial  site,  however, 
contained  12  ppm  iron  and  6.5  ppm  manganese.  The  spring  is  in  a draw 
that  heads  1,000  feet  upslope  at  the  refuse  burial  site. 

Hardness  is  a property  of  water  generally  associated  with  its  effect 
on  the  lathering  of  soap  and  with  incrustations  formed  on  containers 
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when  water  is  heated  or  evaporated.  Most  hardness  is  caused  by  calcium 
and  magnesium  but  minor  constituents  such  as  iron,  manganese,  alumi- 
num, barium,  and  free  acid  also  contribute  to  hardness.  Hardness  caused 
by  cations  in  association  with  carbonate  and  bicarbonate  is  termed  car- 
bonate hardness;  that  resulting  from  cations  in  association  with  other 
anions  is  termed  noncarbonate  hardness.  These  terms  approximate  the 
terms  “temporary  hardness”  and  “permanent  hardness,”  which  are  based 
on  the  fact  that  upon  boiling  hard  water  the  bicarbonate  is  decomposed 
and  most  of  the  calcium  corresponding  to  the  bicarbonate  is  precipitated 
as  calcium  carbonate.  The  consumption  of  soap  by  water  of  a given 
hardness  is  normally  the  same  whether  the  hardness  is  carbonate  or  non- 
carbonate. The  total  hardness  of  water  is  equivalent  to  that  reported  as 
calcium-magnesium  hardness.  Most  of  the  hardness  of  natural  ground 
water  in  the  New  Oxford  Formation  is  carbonate  hardness. 

Field  determinations  of  hardness  of  water  from  343  wells  and  springs 
in  the  New  Oxford  Formation  are  listed  in  Table  4.  The  measurements 
were  determined  in  grains  per  gallon,  but  the  approximate  concentration 
in  parts  per  million  may  be  calculated  by  multiplying  these  values  by 
17.1.  The  hardness  of  the  waters  sampled  ranged  from  1 grain  per  gal- 
lon (17.1  ppm)  to  30  grains  per  gallon  (513  ppm),  or  from  soft  to  very 
hard.  Only  11  percent  of  the  wells  and  springs  sampled  yielded  water 
that  could  be  classed  as  very  hard.  The  frequency  distribution  of  hard- 
ness values  measured  is  shown  in  Figure  10.  The  figure  also  indicates 
concentrations  of  hardness  that  are  described  by  the  terms  soft,  moder- 
ately hard,  hard,  and  very  hard  water. 

In  the  area  between  the  Susquehanna  River  and  Denver,  ground-water 
hardness  decreases  slightly  from  west  to  east.  Water  from  wells  and 
springs  west  of  Mastersonville  generally  is  moderately  hard  to  hard; 
that  east  of  Mastersonville  generally  is  soft  to  moderately  hard.  Many 
of  the  harder  waters  in  this  area  come  from  wells  near  the  base  of  the 
formation,  where  limestone  conglomerate  occurs  in  many  places.  Locally, 
the  hardness  of  water  may  be  somewhat  higher  than  normal  as  a result 
of  the  addition  of  hardness-forming  constituents  from  septic  tanks,  cess- 
pools, or  other  sources  of  contamination. 

Substantial  amounts  of  hardness-forming  constituents  in  water  cause 
increased  consumption  of  soap  and  undesirable  scale  deposits  on  cooking 
utensils,  hot  water  pipes,  water  heaters,  and  boilers.  Water  that  is  hard 
to  very  hard  requires  treatment  before  it  can  be  used  for  many  industrial 
and  commercial  purposes,  and  treatment  generally  is  desirable  when  it 
is  used  for  domestic  purposes.  Water  that  is  moderately  hard  may  be 
used  for  domestic  purposes  with  little  or  no  treatment. 

The  specific  conductance  of  a material  is  a measure  of  its  ability  to 
conduct  an  electric  current.  It  is  the  electrical  conductance  of  a cube 
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Percent  of  ground  water  samples  in  which  the  hardness  was  equal  to  or  less  than  that  shown 


Figure  10.  Cumulative-frequency  curve  of  hardness  of  ground  water  from  the 
New  Oxford  Formation. 

of  material  1 centimeter  on  a side,  and  is  reported  in  units  of  micromhos 
per  centimeter  at  a temperature  of  25°C.  In  relatively  dilute  solutions, 
such  as  ground  water  from  the  New  Oxford  Formation,  specific  conduc- 
tance is  proportional  to  dissolved  solids  and,  therefore,  gives  an  ap- 
proximate measure  of  total  dissolved-solids  content.  Because  specific 
conductance  may  be  easily  and  rapidly  determined  in  the  field,  the  ap- 
proximate dissolved-solids  content  of  a large  number  of  samples  may 
be  determined  conveniently  and  inexpensively.  The  approximate  dis- 
solved-solids content  (in  parts  per  million)  of  the  water  from  349  wells 
and  springs  in  the  New  Oxford  Formation  for  which  specific  conductance 
values  were  determined  (see  Table  4)  may  be  calculated  by  multiplying 
the  specific  conductance  by  0.60. 

The  dissolved-solids  content  (calculated  from  specific  conductance) 
of  349  samples  of  ground  water  from  wells  and  springs  in  the  New  Ox- 
ford Formation  ranged  from  about  35  to  725  ppm.  The  frequency  dis- 
tribution of  the  dissolved-solids  content  of  these  samples  is  shown  in 
Figure  11,  and  indicates  that  fewer  than  1 percent  of  the  samples  con- 
tained more  than  500  ppm,  the  recommended  limit  for  drinking  water. 

The  dissolved-solids  content  of  the  ground  water  is  generally  higher 
near  the  base  of  the  formation  — apparently  because  of  the  presence  of 
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Percent  of  ground-water  samples  in  which  the  dissolved -solids  content  was  equal  to  or  less  than  that  shown 

Figure  11.  Cumulative-frequency  curve  of  dissolved-solids  content  (calculated 
from  specific  conductance)  of  ground  water  from  the  New  Oxford 
Formation. 

limestone  conglomerate  and  the  many  beds  of  limy  siltstones  and  shale 
in  the  lower  part  of  the  formation.  Locally  the  dissolved-solids  content 
of  ground  water  is  high  because  of  the  addition  of  chemical  constituents 
by  human  activities. 

Ground-water  temperatures  in  the  New  Oxford  Formation  vary  over 
a narrow  range  and  average  about  the  same  as  the  average  annual  air 
temperature.  The  temperature  of  water  from  65  wells  and  20  springs 
ranged  from  49°  to  60°  (or  90  percent)  of  the  measurements  falling  be- 
tween 52°  and  58°  F.  The  average  temperature  of  the  ground  water  is 
54.5°  F;  the  average  annual  air  temperature  in  the  project  area  is  53°  F. 
A comparison  of  ground-water  temperatures  from  dug  wells  and  springs 
with  those  from  drilled  wells  showed  no  significant  differences.  The 
temperature  from  51  drilled  wells  ranged  from  49°  to  59°  F and  averaged 
54.4°  F.  The  temperature  of  water  from  34  dug  wells  and  springs  ranged 
from  49°  to  60°  F and  averaged  54.6°  F. 

CONCLUSIONS 

The  New  Oxford  Formation  is  a complexly  interbedded  sequence  of 
conglomerates,  sandstones,  siltstones,  and  shales  that  have  a steep  homo- 
clinal  dip  (ranging  from  25°  to  60°)  to  the  north  or  northwest.  The  rocks 
are  highly  indurated  and  generally  contain  water  only  in  fractures  and 
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in  openings  formed  by  weathering  processes.  The  formation  is  deeply 
weathered,  and  contains  many  joints.  In  the  eastern  part  of  Lancaster 
County,  it  has  been  intensively  faulted. 

The  bedrock  is  covered  by  a layer  of  loosely  consolidated  weathered 
material,  which  ranges  in  thickness  from  0 to  50  feet  and  averages  about 
23  feet.  The  saturated  thickness  of  the  mantle,  in  which  water  occurs 
under  water-table  conditions,  ranges  from  0 to  24  feet  and  averages  6 
feet.  The  porosity  of  the  weathered  mantle  is  high  but  its  permeability 
is  low.  Consequently,  it  is  capable  of  storing  relatively  large  volumes  of 
water  but  generally  yields  water  very  slowly  to  the  large-diameter  dug 
wells  that  tap  it.  The  high  storage  capacity  of  the  mantle  makes  it 
highly  effective  in  contributing  recharge  to  the  underlying  bedrock. 

Within  the  bedrock,  water  occurs  under  confined  conditions  along 
joint  surfaces  and  in  intergranular  openings  formed  where  the  walls  of 
joints  have  been  weathered.  Sandstones  (the  most  abundant  rock  type) 
and  conglomerates,  which  have  been  more  thoroughly  jointed  and 
weathered  than  siltstones  and  shales,  are  the  principal  water-yielding 
rocks.  Some  beds  or  parts  of  beds  have  been  more  intensively  jointed 
and  (or)  weathered  than  others,  and  it  is  these  beds  or  zones  that  form 
the  main  avenues  for  ground-water  movement  through  the  bedrock. 
The  principal  yielding  zones  penetrated  by  wells  are  commonly  no  more 
than  a few  inches  thick  and  generally  are  separated  by  several  feet  or 
several  tens  of  feet  of  rock  that  yields  little  or  no  water  directly  to  the 
well.  Individual  yielding  zones,  like  individual  beds,  are  normally  of 
small  areal  extent.  The  main  yielding  zones  are  hydraulically  connected 
to  each  other  and  to  the  overlying  water  table  through  joints  and  as- 
sociated weathered  zones.  The  strike  of  the  best  developed  joint  sets 
is  roughly  parallel  to  the  strike  of  the  bedding.  One  prominent  set  dips 
in  the  direction  of  the  bedding  dip;  another  dips  almost  vertically.  The 
intensity  of  weathering  decreases  rapidly  below  the  bedrock  surface, 
but  thin  weathered  zones  have  been  observed  as  deep  as  150  feet. 
Weathering  is  most  intense  along  joints  in  highly  feldspathic  rocks.  In 
some  instances  weathering  appears  to  have  increased  the  permeability 
of  the  bedrock. 

Recharge  to  the  ground-water  reservoir  is  derived  largely  from  the 
approximately  40  inches  of  precipitation  received  by  the  area  annually. 
The  precipitation  is  distributed  fairly  uniformly  throughout  the  year, 
but  most  of  that  falling  during  the  growing  season  (April  to  October)  is 
consumed  by  evapotranspiration.  Hence,  ground-water  replenishment 
occurs  chiefly  during  the  nongrowing  season  (November  to  March).  As 
recharge  is  generally  low  during  the  growing  season,  droughts  during 
these  periods  commonly  cause  ground-water  levels  to  decline  only  slight- 
ly below  normal  levels.  The  water  level  in  a drilled  well  in  the  New 
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Oxford  Formation  just  west  of  the  project  area  showed  a net  decline  of 
less  than  1 foot  over  a 4-year  period,  even  though  precipitation  during 
the  4 successive  growing  seasons  ranged  from  19  to  54  percent  below 
normal.  Ground-water  levels  are  likely  to  be  affected  more  adversely 
by  relatively  small  precipitation  deficiencies  during  the  nongrowing 
seasons  than  by  large  deficiencies  during  the  growing  season. 

During  the  growing  season,  when  natural  discharge  from  the  ground- 
water  reservoir  exceeds  recharge  to  it,  heavy  pumping  from  production 
wells  may  result  in  extensive  dewatering  of  the  weathered  mantle  and 
bedrock  near  the  well,  even  where  water  is  being  diverted  from  natural 
discharge.  Pumping  levels  and  yields  will  decline  accordingly.  The 
yield  of  one  municipal  well,  which  has  been  pumped  about  9 hours  a 
day  since  1955,  declines  from  about  200  to  170  gpm  during  the  growing 
season,  and  the  water  level  in  an  observation  well  400  feet  away  declines 
as  much  as  70  feet  during  the  same  period.  During  the  winter  and  spring 
months,  recharge  greatly  exceeds  both  natural  and  artificial  discharge 
in  the  vicinity  of  this  well.  If  precipitation  during  the  winter  and 
spring  months  is  average  or  above  average,  the  dewatered  rock  becomes 
nearly  or  completely  refilled  before  the  next  growing  season.  Although 
yields  and  pumping  levels  of  production  wells  commonly  decline  and 
rise  with  seasonal  depletion  and  replenishment  of  the  ground-water 
reservoir,  none  of  the  existing  production  wells  are  reported  to  be  con- 
tinuously decreasing  in  yield,  and  apparently  ground-water  levels  are 
not  persistently  declining  in  the  vicinity  of  these  wells. 

The  New  Oxford  Formation  is  not  everywhere  a highly  productive 
source  of  water,  but  yields  of  100  to  300  gpm  can  be  obtained  from  some 
carefully  located,  large-diameter  wells  drilled  to  depths  of  300  to  500 
feet.  Yields  adequate  for  domestic  use  are  obtainable  throughout  most 
of  the  formation  — usually  from  wells  150  feet  or  less  in  depth. 

The  yields  of  319  wells,  most  of  which  are  between  50  and  150  feet 
deep,  range  from  less  than  1 to  330  gpm,  and  the  median  is  12  gpm. 
The  highest  yields  generally  are  obtained  from  deep  wells,  but  there  is 
no  consistent  relationship  between  yield  and  well  depth.  Some  deep 
wells  are  failures.  Yields  of  14  wells  deeper  than  300  feet  range  from 
7 to  330  gpm,  but  half  of  them  yield  100  gpm  or  more.  By  comparison, 
only  6 of  146  wells  between  100  and  300  feet  deep  yield  100  gpm  or 
more.  The  maximum  depth  at  which  water  occurs  in  the  New  Oxford 
Formation  is  not  known,  but  a high-yielding  zone,  or  zones,  is  known 
to  occur  between  the  depths  of  500  and  705  feet  in  a municipal  supply 
well  in  Elizabethtown.  Water  may  be  obtained  at  depths  of  more  than 
500  feet  elsewhere  in  the  formation,  but  it  probably  would  be  advisable 
to  drill  another  well  into  a different  sequence  of  rocks  rather  than  to 
continue  drilling  an  unsuccessful  well  to  a depth  greater  than  500  feet. 
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Table  4.  Record  off  wells  and  springs— Continued 
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Table  4.  Record  of  wells  and  springs— Continued 
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NEW  OXFORD  HYDROLOGY 


Table  6.  Sample  logs  of  wells  in  the  New  Oxford  Formation, 

Lancaster  County. 

Well  Ln-88 

Owner:  U.S.  Geological  Survey 
Driller:  C.  H.  Eichelberger 

Static  water-level:  20.5  feet  below  land  surface,  6-24-63 
Principal  water-yielding  zones:  96  and  163  feet 

Samples  collected  and  described  by  H.  E.  Johnston,  U.S.  Geological  Survey 


Depth 

Description  ( feet ) 


Sand,  very  fine-grained,  silty,  yellowish-brown  0 — 10 

Gravel,  granule,  dark-yellowish-brown;  6-inch  boulder  at  13  feet  10  — 15 

Gravel,  pebble,  dark-yellowish-brown  15  — 20 

Siltstone,  slightly  micaceous,  grayish-red,  soft  20  — 25 

Siltstone,  slightly  micaceous,  calcareous,  reddish-brown,  soft  25  — 37 

Sandstone,  very  fine-grained,  slightly  micaceous,  gray  37  — 45 

Siltstone,  slightly  micaceous,  calcareous,  grayish-red  45  — 50 

Siltstone,  calcareous,  dark-reddish-brown  50  — 62 

Sandstone,  very  fine-grained,  gray  62  — 64 

Sandstone,  very  fine-grained,  gray;  some  dark-gray  siltstone  64  — 70 

Sandstone,  very  fine-grained,  micaceous,  gray;  muddy  cuttings  at  70 
feet  70—75 

Sandstone,  fine-grained,  quartzose,  micaceous,  gray  75  — 80 

Sandstone,  fine-grained,  quartzose,  micaceous,  gray;  slightly  limonite 

stained  80  — 95 

Sandstone,  fine-grained,  gray;  some  very  fine-grained  quartzose  sand- 
stone and  black  carbonaceous  shale  (water-yielding  zone  1-foot 

thick  at  96  feet)  95 — 103 

Shale,  calcareous,  grayish-black  103  — 105 

Siltstone,  micaceous,  grayish-red  105  — 107 

Sandstone,  fine-grained,  gray  107  — 110 

Sandstone,  very  fine-grained,  quartzose,  micaceous,  gray  110  — 113 

Limestone,  dark-gray  113  — 114 

Shale,  grayish-red  114 — 115 

Siltstone,  micaceous,  grayish-red;  some  very  fine-grained  gray  sand- 
stone   1 15  — 130 

Sandstone,  very  fine-grained,  quartzose,  micaceous,  gray,  very  hard  130  — 150 

Sandstone,  fine-grained,  quartzose,  gray;  slighdy  limonite  stained  at 

153  feet  150—155 

Sandstone,  fine-grained,  slightly  micaceous  155  — 160 

Sandstone,  fine-  to  medium-grained,  quartzose,  slighdy  micaceous  with 

scattered  coarse  quartz  grains,  very  light-gray  160  — 163 

Sandstone,  fine-grained,  quartzose,  very  light-gray;  interbedded  gray 

siltstone  (water-yielding  zone  1-foot  thick  at  163  feet)  163 — 178 

Siltstone,  gray  178  — 185 

Sandstone,  very  fine-grained,  slighdy  micaceous,  greenish-gray  185  — 199 

Sandstone,  fine-grained,  quartzose,  slightly  micaceous,  gray  199  — 215 

Sandstone,  medium-grained,  quartzose,  gray,  with  a few  coarse  quartz 

grains  215  — 220 

Sandstone,  fine-  to  medium-grained,  quartzose,  very  light-gray  220  — 225 

Sandstone,  fine-grained,  quartzose,  greenish-gray  225  — 230 

Sandstone,  medium-  to  coarse-grained,  quartzose  230  — 235 

Siltstone,  siliceous,  slighdy  micaceous,  greenish-gray  235  — 240 
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Table  6.  Sample  logs— Continued 

Well  Ln-88 — Continued 


Siltstone,  grayish-red  240  — 248 

Sandstone,  very  fine-grained,  slightly  micaceous,  greenish-gray  248  — 268 

Sandstone,  fine-grained,  quartzose,  slightly  micaceous,  greenish-gray; 

some  greenish-gray  siliceous  siltstone  268  — 295 

Siltstone,  slighdy  micaceous,  grayish-red  295  — 305 


Well  Ln-265 


Owner:  Elizabethtown  Water  Co. 

Driller:  Kohl  Bros.  (Harrisburg) 

Static  water  level:  55  feet  below  land  surface,  4-29-54 

Principal  water-yielding  zones:  One-third  of  the  yield  was  obtained  above  500  feet 
and  two-thirds  of  the  yield  was  obtained  between  500  and  700  feet 
Samples  described  by  R.  M.  Foose  and  G.  M.  Cresswell,  formerly  of  Franklin  and 
Marshall  College 


Depth 

Description  ( feet ) 


Arkose,  fine-  to  medium  grained,  tan;  abundant  muscovite  1 — 25 

Arkose,  fine-  to  medium-grained,  bluish-gray  to  greenish-gray;  abund- 
ant muscovite  25  — 50 

Siltstone,  dark-red;  abundant  muscovite;  arkose,  fine-  to  medium- 
grained, gray,  soft;  arkose,  fine-grained,  buff  gray;  abundant  mica  50  — 75 
Arkose,  medium-grained,  greenish-gray,  soft;  some  chlorite;  arkose, 

fine-  to  medium-grained,  tan;  some  muscovite  75 — 110 

Arkose,  fine-  to  medium-grained,  gray;  arkose,  fine-grained,  tan; 

abundant  muscovite  110  — 120 

Arkose,  fine-  to  medium-grained,  grayish-white;  some  chlorite;  arkose, 

fine-grained,  tan;  abundant  muscovite  120  — 130 

Arkose,  fine-grained,  gray  to  dark-gray;  abundant  biotite;  arkose,  fine- 
grained, dark-red  130  — 150 

Siltstone,  red;  siltstone,  gray;  arkose,  fine-grained,  greenish-gray  150  — 170 

Arkose,  fine-  to  medium-grained,  greenish-gray;  abundant  mica  170  — 190 

Arkose,  fine-  to  medium-grained,  dirty-white,  micaceous  190  — 210 

Sandstone,  arkosic,  fine-  to  medium-grained,  quartzose,  dirty-white 

to  gray;  abundant  euhedral  pyrite  210  — 230 

Arkose,  fine-  to  medium-grained,  dirty-white,  micaceous,  abundant 

quartz;  arkose,  fine-grained,  gray  230  — 240 

Siltstone,  dark-red;  abundant  mica;  arkose,  fine-grained,  greenish-gray; 

abundant  mica  240  — 250 

Arkose,  fine-grained,  gray,  soft  250  — 260 

Sandstone,  quartzose,  and  siltstone,  bluish-green  to  dirty  white, 

calcareous  260  — 270 

Siltstone,  dark-red;  siltstone,  gray  270  — 280 

Sandstone,  fine-grained,  silty,  red;  sandstone,  fine-grained,  gray  280  — 290 

Sandstone,  fine-grained,  grayish-green;  siltstone,  dark-red  290  — 300 

Sandstone,  fine-grained,  light-buff,  soft;  some  dark-red  soft  siltstone  300  — 320 
Sandstone,  fine-grained,  grayish-green  to  dark-gray,  somewhat  cal- 
careous, fairly  hard  320  — 330 
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Table  6.  Sample  logs— Continued 


Well  Ln-265 — Continued 


Depth 

Description  (feet) 


Sandstone,  fine-grained,  grayish-green  to  dark-gray,  somewhat  calcar- 
eous, fairly  hard;  siltstone,  buff,  soft;  siltstone,  dark-red  330  — 340 

Sandstone,  fine-grained,  grayish-green  to  gray;  siltstone,  dark-red  340  — 350 

Arkose,  fine-grained,  dirty-white  to  greenish-gray,  somewhat  calcar- 
eous, fairly  hard  350  — 370 

Sandstone,  fine-grained,  dirty-white,  soft,  somewhat  calcareous;  sand- 
stone, fine-grained,  grayish-green  370  — 380 

Sandstone,  arkosic,  fine-grained,  dirty-white  380  — 390 

Sandstone,  fine-grained,  dirty-white  to  greenish-gray,  slightly  calcar- 
eous, fairly  hard;  siltstone,  buff,  soft  390  — 400 

Sandstone,  fine-grained,  gray,  calcareous,  fairly  hard  400  — 410 

Siltstone,  gray  410  — 420 

Siltstone,  gray;  arkose,  fine-grained,  dirty-white  to  greenish-gray, 

calcareous  420  — 430 

Siltstone,  gray;  arkose,  fine-grained,  dirty-white  430  — 440 

Siltstone,  gray;  arkose,  fine-grained,  dirty-white,  calcareous  440  — 450 

Arkose,  fine-grained,  dirty-white,  calcareous  450  — 460 

Siltstone,  gray,  slightly  calcareous;  siltstone,  dark-red;  arkose,  fine- 
grained, dirty-white,  calcareous;  shale,  bluish-gray;  some  calcite  460  — 470 

Siltstone,  dark-red;  siltstone,  gray;  arkose,  fine-grained,  dirty-white 

to  greenish-gray,  calcareous  470  — 480 

Arkose,  fine-grained,  dirty-white  to  greenish-gray,  slightly  calcareous  480  — 490 

Arkose,  fine-grained,  dirty- white  to  gray,  calcareous;  siltstone,  dark- 
red  490  — 500 

Siltstone  and  shale,  dark-red  500  — 530 

Sandstone,  arkosic,  fine-grained,  grayish-green  530  — 580 

Sandstone,  quartzose,  fine-  to  medium-grained,  light-gray  to  white, 

slightly  calcareous;  some  pyrite  580  — 600 

Siltstone,  dark-red  600  — 620 

Sandstone,  arkosic,  fine-grained,  greenish-white,  calcareous,  micaceous  620  — 630 

Arkose,  fine-grained,  dirty-white,  calcareous;  some  muscovite;  arkose, 

fine-grained,  grayish-green;  some  mica  630  — 640 

Arkose,  very  fine-grained,  dark-red,  very  calcareous;  some  mica  640  — 650 

Arkose,  very  fine-grained,  dark-red;  arkose,  fine-grained,  gray,  calcar- 
eous   650  — 660 

Arkose,  fine-grained,  gray,  calcareous;  some  muscovite  660  — 670 

Arkose,  fine-grained,  greenish-gray,  calcareous;  abundant  mica  670  — 705 
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